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P^ase transitions are important in most areas of solid-state sciences. It involves 
change ia raiicture as well as compositions. A variety of metal oxides exhibit 
t'arislorma^iO'ts n'om one crystal structure to another as the temperature or pressure is 
varied, "i' i,. li'eraturs. abounds ir; experimental and theoretical studies of phase 
transitions ";'. soi.O:. -mcl the subje!;"': i5 convinuouslv grc'tving. There are various 
techniques monhoring phase transit: oi., in J the electrical conductivity measurement is 
cne o.^them. Tne aim of preseni sseauh /^/crk sntitled 'Phase transition studies in 
I'xidesysiecns' i"> to study the '^•CCISIOA'. ;oix;if:tiviiy and phas-i LaiiGVu'r : it:: different 
metal oxide systems. The thesis coniprisfN cf eight ciiaptei^ >'n;ct: ate briefly 
d?>:;i:s^ 5C'as follows: 
CI iSipief 1? General Introduction 
Kejcaich on solid electroHes iic.s revenli} drawn much attend..: siit :<.• 'rt^ 
wide range of potentir..,i; :inr'--v.: •; uVii j •y^.-."'-. applications in solid t^f^ t': C'^ vi're>:, 
including fue' cell., :f':.':. ;>-:..ci'i:; ? mei^ f rr-i^ es, water hydroly'ii^ c:il3, cnfc:;;icai 
sens.jrs. ConQuct:\'uy i: solid electrolyses is mainly due to the migration o^' euner 
c?idcr-S cr anions, i^ ucn catioiiS .:r anions are not confined to specific lattice positions 
c'Ut they move fraeiy. C':i '::.• ' ?i.-, of structure and properties, the solid electrolytes 
bib considered tr^  oe intermediate between liquid electrolytes which have mobile ions 
vv':*- M ':'jc,":la2 scractures cv-.i •^ iTri.fu crystalline solids with regular three-dimensional 
structutfl and immobile ioL;-
In oxygen ion conductji;. the movement of oxide ions through the crystal 
lattice leads to the flow of .^ ur.sTu. This movement is a result of thermally activated 
hopping of the oxygen ions moving from one crystal lattice site to another. Oxide !on 
conductors fall into a few structural categories: 
• Oxide ion conductors based on fluorite type structure (zirconia, ceria, bismuth 
based oxide ion conductors). 
• Oxide ion conductors based on perovskite structure (ABO3) 
Oxide ion conductors are an important class of materials that form the basis of a range 
of environment friendly applications such as: 
• Fuel cells 
• Oxygen sensors 
• Oxygen permeating membranes 
Chapter 2: Electrical conductivity and phase transition studies in ZrOz- CdO 
system 
The solid solution of Zr02 - CdO was prepared by the conventional solid-state 
reaction. Effect of dopant concentration on the electrical conductivity of Zr02 was 
studied for different compositions at different temperatures. The conductivity 
increases with the addition of CdO due to the migration of vacancies. The 
conductivity increases with rise in temperature up to 180°C and thereby decreases due 
to the collapse of fluorite framework. A second rise in conductivity at high 
o 
temperature beyond 460 C is due to the phase transition of Zr02 from monoclinic to 
tetragonal. DSC, X-ray powder diffraction, Impedance measurements and FT-IR 
spectral studies were carried out for confirming the doping effect and transitions in 
Zr02. The addition of CdO to Zr02 shifted the phase transition of Zr02 to higher 
temperatures as confirmed by the conductivity and DSC results. The occurrence of 
single semi circle with a low frequency inclined spike indicates that the conductivity 
is mainly due to the movement of oxide ions. 
Chapter 3: Electrical conductivity and phase transition studies in Ti02 - CaO 
system 
Electrical conductivity of Ti02 - CaO has been measured at different temperatures for 
various molar ratios. The conductivity after initially remaining constant till about 
140°C increases with temperature due to the migration of vacancies created by 
doping. After attaining a maximum value at 240°C, conductivity decreases due to the 
collapse of fluorite framework. A second rise in conductivity at high temperature 
beyond 400°C indicates the phase transition of TiOa, from anatase to rutile, which is 
confirmed by the differential scanning calorimetry results. X-ray powder diffraction, 
impedance measurements, and Fourier transform infrared spectral studies were also 
carried out for confirming the doping effect and phase transition in Ti02. Doping of 
TiOa with CaO shifts the transition to lower temperatures. 
Chapter 4: Electrical conductivity and phase transition studies in TiOi - BaO 
system 
The solid solution of BaTiOa was prepared by conventional solid state reaction. The 
electrical conductivity of TiOi - BaO system has been studied at different 
temperatures for various molar ratios. The isothermal conductivity increases with 
BaO concentration due to the vacancy migration phenomenon. It has been found that 
the electrical conductivity after attaining a maximum value at 240 C decreases with 
increase in temperature due to the collapse of the fluorite framework. A second rise in 
conductivity in the temperature range 470-540°C indicates the phase transition of Ti02 
from anatase to rutile. AC Impedance measurements proved that the oxide ion 
conductivity predominantly arises from the grain contribution. The sample 
characterization and the study of phase transition changes were done by using XRD, 
FT-IR and DSC measurements. On increasing the concentration of BaO the transition 
temperature shifts towards higher side. 
Chapter 5: Electrical conductivity and phase transition studies in T1O2 - CeOi 
system 
The solid solution of Ti02 - CeOi were prepared by the conventional solid-state 
reaction. The sample characterization and the study of phase transition were done by 
using FT-IR, XRD and DSC measurements. AC Impedance measurements proved 
that the oxide ion conductivity predominantly arises from the grain and the grain 
boundary contributions as two well defined semi circles are clearly seen along with 
ban inclined spike. The electrical conductivity of Ti02 - CeOa has been studied at 
different temperatures for various molar ratios. The isothermal conductivity increases 
with increasing the concentration of ceria. It has been found that the conductivity 
shows a jump in the temperature range 440-480°C due to the phase transition of 
titania from anatase to rutile type. The endothermic peak in DSC around 470°C for 
pure titania reveals the phase transition. As the concentration of ceria increases the 
transition temperature shifts towards higher side and reaches a maximum value of 
510°C for 0.6 moles of ceria suggesting the phase transition of ceria from cubic to 
orthorhombic type, which is also confirmed by the XRD and FT-IR analysis. 
Chapter 6: Electrical conductivity and phase transition studies in CeO:- AI2O3 
system 
The solid solution of Ce02 - AI2O3 were prepared by conventional solid- state 
reaction. The electrical conductivity of Ce02 doped with AI2O3 has been studied at 
different temperatures for various molar ratios. The isothermal conductivity increases 
with dopant concentration due to the vacancy migration phenomenon induced by 
doping. It has been found that the conductivity increases and shows a jump from 450 
to 520 C due to the phase transition of ceria from cubic to orthorhombic type. A slight 
deflection is sesn ir. samples having 0.5 and 0.6 moles of alumina at about 250°C due 
to its phase transition from y to a type. AC impedance measurements proved that the 
oxide ion conductivity predominantly arises from the grain and grain boundary 
contribution as two well defined semi-circles are clearly seen. The sample 
characterization and the study of phase transition changes were done by using XRD, 
FT-IR and DSC measurements. On increasing the concentration of dopant the 
transition temperature shifts towards lower side which is confirmed by DSC as well as 
conductivity measurements. 
Chapter 7: Electrical conductivity and phase transition studies in Ce02 - SrO 
system 
The solid solution of CeOa - SrO were prepared by the conventional solid state 
reaction. The sample characterization and the study of phase transition changes were 
done by using XRD and DSC measurements. AC impedance measurements proved 
that the oxide ion conductivity predominantly arises from the grain and grain 
boundary contributions as two well-defined semi-circles are clearly seen. The 
electrical conductivity of Ce02 doped with SrO has been studied at different 
temperatures for various molar ratios. The isothermal conductivity increases with 
dopant concentration due to the vacancy migration phenomenon induced by doping. It 
has been found that the conductivity shows a jump in the temperature range 450 to 
o 
520 C due to the cubic -^ orthorhombic phase transition in ceria. This jump in 
conductivity is very small in 0.5 and 0.6 mole ratios as the concentration of SrO is 
high. DSC results for the doped samples show an endothermic peak beyond 800 C 
which can be said to be due to the phase transition of SrO. On increasing the 
concentration of dopant the transition temperature shifts towards higher side which is 
confirmed by DSC measurements. PXRD reveals that tie system SrCe03 is bipnasic 
showing both cubic and orthorhombic phases. 
Chapter 8: Electrical conductivity and phase transition studies in Bi203-V205 
system 
The solid solution? of bismuth-vanadate were prepared by the conventional solid-state 
reaction. The sample characterization and the study of phass transition were done by 
using FT-IR, XRD, and DSC measurements. AC impedance measurements proved 
that the oxide ion conductivity predominantly arises from the grain and grain 
boundary contributions as two well-defined semi-circles are clearly seen along with 
an inclined spike. The electrical conductivity of Bi203-V205 has been studied at 
different temperatures for various molar ratios. The isothermal conductivity increases 
with increase in the concentration of V2O5 due to the vacancy migration phenomenon. 
It has been found that the conductivity of different compositions of Bi203-V205 
o 
increases and shows F. jump in the raiige 230-260 C due to the phase transition of 
BiVC4 from monoclinic scheelite type to that of tetragonal scheelite type. The 
endothermic peak in DSC at around 260°C reveals the phase transition, which is also 
confirmed by the XRD and FT-IR analysis. The XRD patterns confirmed the 
monoclinic structure of BiV04. 
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CHAPTER! 
QeneraC Introduction 
1.1 Introduction 
Ionic conductors have always provided a fascinating interdisciplinary field of 
study ever since their discovery by Faraday at the Royal Institution in London over 
200 years ago. Research on solid electrolytes has recently drawn much attention due 
to the wide range of potential important technological applications in solid-state 
devices, including solid oxide fuel cells (SOFCs), proton exchange membrane fuel 
cells, water hydrolysis cells and chemical sensors. 
There are many solids with high ionic conductivity (>10"^ f^"'cm"') and are 
therefore of immense use in diverse technological applications. Some of the solids 
that are also good electronic conductors are often referred to as 'mixed conductors' 
while the term 'super ionic conductors' or 'fast ion conductor' is reserved for good 
ionic conductors with negligible electronic conductivity [1]. The conductivity is due 
to the movement of ions through voids in their crystal lattice. One component of the 
structure either cationic or anionic is essentially free to move thi^ oughout the structure 
acting as charge carrier. Fast ion conductors are intermediate between crystalline 
solids, which possess a regular structure with immobile ions, and liquid electrolytes, 
which have no regular structure and have only mobile ions [2]. These divisions are 
however based on the condition of room temperature; at different temperatures, the 
situation is different. For instance, yttria stabilized zirconia (YSZ), 0.92 ZrOi: 
O.O8Y2O3 [3], being insulator at room temperature, has remarkable thermally 
activated conductivity at higher temperatures. YSZ exhibits conductivity mainly due 
to the oxygen anions, and only a small fraction of electrons participate in the 
conductivity. 
One of the most important applications of super ionic conductors is as 
electrolytes in battery applications and hence is often referred to as 'solid 
electrolytes'. The study of ionic conduction in solid state originated when Faraday 
discovered good conductors of electricity like PbFi and AgiS [4, 5]. Yttria stabilized 
zirconia is among the other super ionic conductors discovered earlier. The first SOFC 
was prepared by using YSZ as the electrolyte [6]. P-alumina is another excellent solid 
electrolyte with a fairly rigid framework MiO.xAliOs where M is Li, Na, Ag, K, Rb 
etc. The high conductivity of the monovalent ions in P-alumina is a consequence of its 
unusual crystal structure. It exhibits closed packed layers of oxide ions, stacked in 
three dimensions, but every fifth layer has three quarters of oxygen deficiency. 
Solid electrolytes are generally solids that exhibit high conducfivity comparable 
to those of the best liquid electrolytes in absence of significant electronic contribution. 
Jn solid electrolytes, cations and /or anions are not confined to specific latfice sites but 
are essentially free to move throughout the structure. Solid electrolytes are therefore, 
intermediate in structure and properties between normal crystalline solids and liquids. 
The conductivity of solid electrolytes arises from mobility of either cations or anions 
but not both as in liquid electrolytes [2, 7]. Often solid electrolytes are stable only at 
high temperatures. Many studies have been done on materials which show fast 
cationic conduction, such as, Ag"^ , Li"^ , Na"^ , . . ., etc. while some others have paid 
attention towards development of ion conducting solids, essentially 0^~ ion 
conductors because of their application as electrolytes in fuel cells, oxygen pumps and 
gas sensors. 
1.2 Ionic Conductors 
Ionic conductors are the solids that conduct electricity by the movement of ions. 
Both cations and anions can be carriers of electric current in ionic solids [8]. Usually 
only one type of ion (either cafion or anion) is predominantly mobile and conducts 
electricity in a solid. Presence of disorder or defect is necessary for ionic transport in a 
solid. The density of defects in a crystal depends upon various factors like the 
structure, temperature, presence of impurity, and nature of chemical bonding between 
constituent ions. Thus classification of ionic solids is proposed on the basis of defect 
or disorder responsible for ionic conduction [8]. Rice and Roth [9] classified the ionic 
conductors on the basis of defects; one with low concentration of defects and having 
generally poor ionic conductivity like NaCl, KCl, etc. and the other with high 
concentration of defects which are good ionic conductors like Zr02, CaF2 etc.. In both 
the types, the conduction mechanism is by vacancy migration [8]. Some of the other 
ionic conductors and their temperature range of ionic conductivity are summarized in 
table 1.1 [10-23]. The conductivity values of these electrolytes as a function of the 
reciprocal temperature are illustrated in figure 1.1. 
The majority of the super ionic solids discovered are cation conductors but 
there are also conductors where the charge carriers are anions. Numerous solid-state 
materials conduct cations (e.g. Li^  and Na"^ ) or anions (e.g. F' and 0^') and are 
therefore chemically functional. These materials are being investigated, and used for a 
wide variety of technological applications. Depending on their defect chemistry and 
environment, these materials can exhibit exclusively ionic (electrolyte) or electronic 
conduction, or mixed (both ionic and electronic) conduction [24]. 
1.3 Ionic Conductivity 
The factors that influence the conductivity in the solid state are the 
concentration of charge carriers, temperature of the crystal, the availability of vacant-
accessible sites that is controlled by the density of defects in the crystal and, the ease 
with which an ion can jump to a neighboring site which is controlled by the activation 
energy. Among the various factors that influence the ionic conductivity of a crystal, 
the activation energy is of utmost importance, since the dependence is exponential [8]. 
Table 1.1: Some important solid electrolytes and their temperature range of ionic 
conductivity 
Type of electrolyte 
Ag"^  ion electrolyte 
Na"^  ion electrolyte 
Li'*' ion electrolyte 
Halide ion electrolyte 
0 " ion electrolyte 
Compound 
Agl 
AgCl 
RbAg4l5 
NaAliiOn 
Na2Ali6025 
Na3Zr2PSi20i2 
Lio.gZri.gTao^PsOi 
PbF2 
PbCl 
Pbl2 
Zr02(Y203) 
Ce02(Gd203) 
Temperature range ("C) 
100-400 
100-400 
25-200 
20-700 
20-700 
20-450 
2 25-200 
200 
200-400 
250 
600-1600 
500-1500 
Ref. 
[10,11] 
[12] 
[13, 14] 
[15] 
[16] 
[16] 
[17] 
[5,18] 
[19] 
[20] 
[21] 
[22, 23] 
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Figure 1.1: Conductivity of some important ionic conductors as a function of 
reciprocal of temperature 
It can be measured quite conveniently by experiments. The activation energies are 
most commonly deduced using the Arrhenius expression, 
A "Ea 
cr = —exp (1.1) 
T kT 
where a is the conductivity at temperature T in Kelvin, k is the Boltzman constant, Eg 
is the activation energy and A is the pre exponential factor. The activation energy may 
be deduced easily from the slope of In oT vs T plot. 
The ionic conductivity of a crystal is zero at absolute zero. A non zero ionic 
conductivity at a non zero temperature is the result of defect in the crystal. The total 
electrical conductivity o of a solid is the sum of the partial conductivities of ionic and 
electronic charge carriers [8]. 
a = i:q.jU.C. (1.2) 
where qj is the charge, |ii is the mobility and Cj is the carrier density. It is thus 
apparent that the carrier concentration and the mobility can be modified to increase 
the conductivity of a solid. The concentration of ionic defects can be increased either 
by doping or by deviation from stoichiometry. 
Techniques most commonly used for conductivity measurements include two 
or four probe dc or ac measurements at different frequencies and by impedance 
spectroscopy. The measurement of ionic conductivity constitutes a common research 
tool in many investigations, for example those devoted to the defect structure of 
compounds [25]. The ionic conductors play a central role in a number of devices [26], 
as electrochemical sensors, electrochromic displays, batteries etc. 
In zirconia based solid solutions the ionic conductivity arises due to the 
movement of oxygen ions which move in the lattice via the vacancy migration 
mechanism [27]. Anionic vacancies are created during doping with lower valent 
cations. Rare earth oxides, such as, yttrium oxide, Y2O3, is commonly used for this 
purpose [28] and the defect equation will be written as; 
Y^O,-^2Y'+30' + V- (1.3) 
2 3 Zr 0 0 
These materials are used for the fabrication of oxygen sensors [29, 30] oxygen pumps 
and for fuel cells [31]. 
1.4 Conduction Mechanism 
For ionic conductors transport of one or more types of ions across the material 
is necessary. In an ideal crystal all the constituent ions are arranged in a regular 
periodic fashion and are often stacked in close packed form. However, at any non zero 
temperature there exist defects [8]. Two types of defects important in the context of 
ion mobility are Schottky and Frenkel. These belong to the class of point defects. In 
order for an ion to move through a crystal it must hop from an occupied site to a 
vacant site. Thus ionic conductivity can only occur if defects are present [10]. Both 
Frenkel and Schottky defects result in the creation of vacant sites in the crystal and 
any ion in the intermediate vicinity can jump to one of the vacant site. This leaves the 
previous site of the ion vacant which could now host another ion. This process can 
lead to the transport of ions across the solid giving rise to conductivity. This 
mechanism is termed as vacancy migration. 
In oxide ion conductors, vacancy hopping is the most common transport 
mechanism and, consequently, most materials studied contain oxygen vacancies [32]. 
Figure 1.2 shows the hopping mechanism of conduction by vacancy migration and 
interstitial migration. One way to create anion vacancies is through doping with 
aliovalent cations. This results in creation of extrinsic anion vacancies, as in addition 
to the intrinsic vacancies which are inherent in the structure. Calcia and yttria 
stabilized zirconias (CaxZri.x02-x, YxZri.x02-x/2) are the example of this type of oxide 
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(a) m 
Figure 1.2: Possible mechanism of motion: Hopping Model 
(a) Vacancy mechanism (b) Interstitial mechanism 
materials. Conduction mechanism in an ionic solid occurs due to the creation of 
cationic or anionic vacancies. 
1.4.1 Cation Vacancy creation 
If the replaceable cation of the host structure has lower charge than that of the 
replacing cation then in order to preserve electroneutrality either cation vacancies or 
interstitial anions are created. For example: NaCl dissolves a small amount of CaCb 
and the mechanism of solid solution formation involves the replacement of two Na* 
ions by one Ca^ ion; one Na^ site therefore remains vacant. The formula may be 
written as Nai.2xCaxVxCl:0<x<0.15 at 600 C, in which V represents a vacant cation 
site. 
1.4.2 Anion Vacancy creation 
If the replaceable cation of the host structure has a higher charge than that of 
the replacing cation, charge balance may be maintained by creating either anion 
vacancies or interstitial cations. Anion vacancies occur in cubic, lime stabilized 
zirconia, (Zri.xCax)02.x: 0.1<x<0.2. Cubic zirconia has the fluorite structure and in the 
solid solutions with lime, the total number of cations remains constant; replacement of 
Zx^^ by Ca^ "^  therefore requires the creation of oxide vacancies. The defect reaction 
can be written as: 
CaO->Ca ' '+0^ + K" (1.4) 
Zr o o 
For rare earth oxides, such as yttrium oxide Y2O3, defect reaction can be written as, 
];0,->27/+30^ + F" (1.5) 
2 i Zr 0 0 ^ 
where Vo' is oxygen vacancy. These materials are important as in refractories and as 
oxide ion conducting solid electrolytes [33]. The electrical conductivity of metal 
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oxides is not only an important transport property but also a useful tool to provide an 
insight into the defect structure of oxides [34]. 
1.5 Phase Transition 
Phase transitions are important in most areas of solid-state sciences. Besides 
being interesting academically it is also technologically important. If a crystalline 
material is capable of existing in two or more polymorphic forms, the process of 
transformation from one polymorph to another is called a phase transition. Phase 
transitions involve changes in structure as well as compositions. A variety of metal 
oxides exhibit transformations from one crystal structure to another as the temperature 
or pressure is varied. During a phase transition, the free energy of the solid remains 
continuous, but thermodynamic quantities such as entropy, volume and heat capacity 
exhibit discontinuous changes. It has been found convenient to classify phase 
transition in solids on the basis of the mechanism. Three important kinds of transitions 
of common occurrence are: nucleation and growth transitions, example being the 
anatase to rutile transformation in TiOi, positional and orientational order-disorder 
transitions, examples like transitions in Agl and TiO and the martensitic transitions 
examples like the transitions in ZrO: and KTao.65Nbo.35O3. 
1.6 Classification of phase transition 
Buerger (1961) divided phase transition into two groups: reconstructive and 
displacive transitions. Reconstructive transitions involve a major reorganization of the 
crystal structure, in which many bonds have to be broken and new bonds formed. The 
transformation of graphite to diamond is reconstructive and involves a complete 
change in crystal structure, from the hexagonal sheets of three coordinated carbon 
atoms in graphite to the infinite framework of four coordinated carbon atoms in 
diamond and vice versa. Reconstructive transition may be prevented in those cases 
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where the transformed phase is kinetically stable although thermodynamically 
metastable. Displacive phase transitions involve the distortion of bonds rather than 
their breaking and the structural changes that occur are usually small. For this reason 
displacive transitions take place readily with zero activation energies, and cannot 
usually be prevented from occurring. Ehrenfest classified phase transition into two 
categories: first order transition and second order transition. In a first order transition 
discontinuity occurs in the first derivatives of the free energy with respect to 
temperature and pressure. These derivatives correspond to entropy and volume 
respectively. Usually first order transitions are easy to detect. A discontinuity in 
volume corresponds to a change in crystal structure so that the density of two 
polymorphs is different. In a second order transition discontinuity occurs in the 
second derivatives of the free energy i.e. in the heat capacity, thermal expansion and 
compressibility. Second order transitions are not easily detected since the changes 
involved are probably much smaller. 
1.7 Techniques monitoring phase transition 
1.7.1 Conductivity measurements 
The net conductivity of a solid has contributions from electrons as well as ions. 
The transference number measurements [2] can be performed to find out the actual 
charge carriers in a solid. The conductivity measurements are generally performed 
over a wide range of temperatures so that activation energies can be calculated. 
The electrical properties of ionic conductors are evaluated by employing 
impedance spectroscopy. The use of equivalent circuits is a necessary means of 
interpreting impedance spectra and subsequently calculating the conductivity of any 
ionic conductor. Complex impedance spectroscopy (CIS) is a flexible tool for 
simultaneous electrical and dielectric characterization of materials. This powerful 
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technique has been widely used to characterize the dielectric behaviour of single 
crystal, polycrystalline, and amorphous ceramic materials [35]. The experimental data 
contains three variables, real and imaginary component of the electrical response and 
frequencies together with four inter related electrical response formalisms: impedance 
(Z*), admittance (7*), relative permittivity (£*), and electric modulus (A/*). 
Consequently, data can be presented in many formats; in practice, it is often found 
that different formats may highlight different electrical characteristics of a sample. It 
is the most commonly used experimental technique to analyze the dynamics of the 
ionic movement in solids. Contribution of various microscopic elements such as 
grain, grain boundary and interfaces to total dielectric response in polycrystalline 
solids can be identified by a reference to an equivalent circuit, which contains a series 
of array of parallel RC elements. The purpose of developing the model for two-phase 
materials was to account for the complex dual-slope behavior observed in the 
Arrhenius plots, resulting from customary interpretation of impedance measurements 
performed under variable temperature conditions. It is known that the complex 
impedance (Z (co)) is defined as the sum of its real (Z ) and imaginary (Z) part: 
Z*(a)) = Z'+ iZ" (1.6) 
Z and Z are given as follows: 
X- g I fib (1.7) 
l+co^C^R^ 1+co^  Q} R^ 
g g g gb gb gb 
R^c; C R\r^ , C ^ 
Z"= g g g + gb gb gb 
\^(ol&^\ 1 + ^ \ C \ R2 g g g gb gb gb 
(1.8) 
where the resistance of grain (Rg) and grain boundary (Rgb) can directly be obtained 
from the intercept of the Z axis [36]. The angular frequency of grain (%) and grain 
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boundary (cogb) are obtained at the maxima of the semi circles. hs,T = 7. at maximum 
point in the semicircle, the capacitances Cg and Cgb can therefore be. calculated as: 
(1.9) 
^. 
c,. 
^ . ^ . 
1 
^g6«g* 
(1.10) 
The relaxation times ig and Xgb, are obtained from the angular frequencies at the 
maxima using the relations: 
r , = — = C;^,, (1.11) 
^«*= — = C«.^,. (1.12) 
1.7.2 X-ray diffraction analysis 
X-ray powder diffraction (XRD), is an instrumental technique that is used to 
identify crystalline materials. When a focussed X-ray beam interacts with these 
planes of atoms, part of the beam is transmitted, part is absorbed by the sample, part is 
refracted and scattered, and part is diffracted. When the incident beam impinges the 
lattice planes at an angle theta, diffraction can occur. X-ray powder diffractogram is a 
set of lines or peaks, each of various intensities and at a different position. The 
occurrence of a peak in an X-ray pattern is coupled to the requirements of Bragg's 
equation as: 
nX-2d^^^SinO (i.i3) 
where X is the wavelength of X-rays used, d|,ki is the distance between lattice planes, 6 
is the diffraction angle and bJcl is the Miller indices. 
The characteristic set of fi?-spacings generated in a typical X-ray scan provides 
a unique "fingerprint" of the mineral or minerals present in the sample. When 
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properly interpreted, by comparison with standard reference patterns and 
measurements, this "fingerprint" allows identification of the material. For a given 
substance the line poshions are essentially fixed and are characteristic of that 
substance. The intensities may vary from sample to sample, depending on the method 
of preparation and instrumental conditions. 
An alternative method is to use high temperature X-ray powder diffraction 
(HTXR). It is a valuable technique for obtaining structural information on polymorphs 
and phase that exist only at high temperatures. It is particularly useful for studying 
high temperature structures that cannot be preserved to room temperature by 
quenching. 
1.7.3 Thermal analysis 
Thermal analysis comprises of a group of techniques in which a physical 
property of a substance is measured as a function of temperature, while the substance 
is subjected to a controlled temperature programme. Thermal analysis encompasses a 
wide variety of techniques such as: 
• Differential scanning calorimetry 
• Differential thermal analysis 
• Thermogravimetric analysis 
• Dynamic mechanical thermal analysis 
Differential scanning calorimetry (DSC) measures the heat flow associated 
with transitions in materials as a function of time and temperature. The technique 
provides qualitative and quantitative information about physical and chemical 
changes that involve endothermic or exothermic processes or changes in heat capacity 
using minimal amounts of sample. The main application of DSC is in studying phase 
transitions, such as melting, glass transitions or exothermic decompositions. These 
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transitions involve energy changes or heat capacity changes that can be detected by 
DSC with great sensitivity. 
The basic principle underlying this technique is that, when the sample 
undergoes a physical transformation such as phase transitions, more or less heat is 
required to flow to it than the reference to maintain both at the same temperature. The 
result of a DSC experiment is a curve of heat flux versus temperature or versus time. 
These techniques are particularly important in superionic solids to locate as 
well as classify structural phase transitions which are observed in most superionic 
solids. These phase transitions are often associated with a few orders of magnitude 
changes in conductivity. Hence, these transitions are some times referred to as 
normal-superionic transition. In superionic solids, where such structural phase 
transitions are observed, the enhancement in conductivity is often attributed to the 
changes in structural features of the solid. 
1.7.4 FT-IR spectral studies 
Fourier transform infrared spectroscopy is a powerful tool for identifying 
types of chemical bonds in a molecule by producing an infrared absorption spectrum 
that is like a molecular fingerprint. FT-IR is most useful for identifying organic as 
well as inorganic chemicals. It can be utilized to quantitate some components of an 
unknown mixture. It can be applied to the analysis of solids, liquids and gases. 
1.8 Oxide Ion Conductors 
Oxide ion conductors are an exciting class of materials and are involved in an 
increasing number of application domains [37]. In oxygen ion conductors, flow of 
current occurs by the movement of oxide ions through the crystal lattice. This 
movement is a result of thermally activated hopping of the oxygen ions moving from 
one crystal lattice site to another. Research into ceramic solids displaying high oxide 
16 
ion conductivity has been gathering momentum over the past few decades; with a 
wide range of materials studied [38-46]. Oxide ion conductor is an important 
functional material and has a wide application area such as the electrolyte of fuel 
cells, oxygen sensor, and oxygen permeating membrane [34, 47-51]. Therefore 
development of fast oxide ion conductor is an important subject. In most of these 
applications high temperatures are required to achieve the relatively high oxygen 
fluxes required for efficient operations [52, 53]. For example, the solid oxide fuel 
cells that utilize yttria stabilized zirconia electrolyte must be operated near 1000 C 
[54]. Because of the high temperature required to achieve useful oxide ion 
conductivities in current materials there is a great deal of interest in developing new 
materials that can exhibit high oxide ion conductivity at low temperatures. Oxide 
materials that exhibit high ionic conductivity have attracted considerable attention for 
many years owing to both the range of applications (such as fuel cells, gas sensors, 
batteries, catalysts etc.) and fundamental fascination of ionic transport in the 
crystalline solids [38, 55]. The best characterized and perhaps the best understood of 
all the fast oxide ion conductors are those based on doped fluorite oxides. However 
these materials are not fast oxygen ion conductors until they are doped with aliovalent 
cations. The ionic motion in fluorite based systems follow the well established 
vacancy based mechanism, where one vacancy shifts position with a neighboring 
oxygen ion in a normal lattice position (Fig. 1.3 (a)).The introduction of aliovalent 
cations into the host lattice introduces oxygen vacancies [56]. The ionic conductivity 
is strongly temperature dependent but at very high temperature can approach values 
close to IScm" [57]. For example, at 800 C the ionic conductivity of yttria stabilized 
zirconia is 0.1 Scm"', and in fact, there are numerous oxides that have significantly 
higher conductivity at lower temperatures. The high conductivity of these materials is 
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attributed to the high concentration of mobile defects (Vo ), oxygen interstitials (O;), 
free electrons (e), and electron holes (h). Each of these defects can be treated as 
chemical specie and its concentration determined from thermodynamics. 
By evaluating the heterogeneous equilibrium between gaseous oxygen and the 
solid state, 
0^=^0, + V- +2e- (1.14) 
and combining it with the internal chemical equilibria for ionic defect and electron 
hole pair formation and the concentration of aliovalent dopants (such as Y ^ on a Zr "^  
site - Yzr'), one can calculate the concentration of all species as a function of the 
external oxygen partial pressure, P02. This solution for the defect concentration is 
shown graphically in a typical electrolyte defect equilibrium diagram, figure 1.3 (b) 
[58, 59]. This diagram shows three regions; low, intermediate, and high P02, in which 
a pair of defects dominates the neutrality relationship due to their relative high 
concentration. Thus, the same material can exhibit respectively, n-type and p-type 
ionic conductivity depending on P02. Each of these mobile species is then transported 
through the material in response to an applied chemical (due to AP02) or electrical 
potential. 
The majority of oxide ion conductors reported till date fail into the following 
categories [38, 39, 45, 46, 58, 60-75] given in table 1.2. In the past, the systems that 
had primarily been investigated include the stabilized zirconias and doped bismuth 
oxides. An Arrhenius plot of the conductivity for several of these systems is shown in 
figure 1.4. 
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Figure 1.3: (a) Mechanism of transport from an occupied (tetrahedrally 
coordinated) anion lattice site to a vacant anion site in a fluorite 
oxide; (b) Concentration of defects in yttria-stabilized zirconia as a 
function ofPo2. 
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Table 1.2: Some important types of oxide ion conductors 
Category 
Fluorite 
Perovskites 
Ruddleson popper 
Apatites 
Pyrochlores 
Aurivillius 
Brownmillerites 
Example 
YSZ 
Lao.gSro.aGao.ssMgo. 15O2.825 
SrsZri.gGao.) 06.95 
La9Sr(Si04)602.5 
Gdi.8Cao.2Ti207 
Bi4V20n 
Ba2ln205 
Conductivity 
0.01 Scm-' 
0.075Scm"' 
3.2xl0"^Scm"' 
1.2xl0'^ Scm'^  
0.01 Scm-^  
0.20Scm'' 
2.5xl0"'Scm"' 
Ref. 
[57] 
[68-70] 
[71] 
[72] 
[56] 
[39, 66] 
[67] 
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1.8.1 Oxide ion conductors based on fluorite structure 
The fluorite oxides are the classical oxygen ion conducting oxide materials. In 
fact the study of these materials is derived from the early investigations of Nernst. 
The crystal structure consists of a simple cubic oxygen lattice with alternate body 
centers occupied by eight coordinated cations as shown in figure 1.5. The general 
formula of a fluorite oxide is AO2, where A is a large tetravalent cation. The materials 
that have the fluorite crystal structure are uranium dioxide (UO2), thorium dioxide 
(ThOi) and ceria (CeOa) [64]. Due to their potential application in several devices like 
solid oxide fuel cells, oxygen permeating membranes and potentiometric sensors, 
solid solutions mainly based on ZrOa, ThOi, HfOi and Ce02 were extensively 
studied as oxygen-ion and mixed ion conducting materials [76-78], In zirconium 
oxide the Zx^^ cation is too small to sustain the fluorite structure and only forms either 
at high temperatures or when the zirconium ion is partially substituted by aliovalent 
cation which simultaneously introduces oxygen vacancies [57]. 
Van Gool, Pouchard [79] and Hagenmuller [80] have outlined some conditions 
that should favour high ionic conductivity. These are: 
• High concentration of mobile charge carriers i.e. oxide ion vacancies. 
• The energy of the oxide ion sites has to be equal or only slightly different. 
• Weak bonding energy resuhing in a relatively low melting point. 
• Open paths between oxide ion sites. 
Kilner et. al. [8, 81, 82] also advocated the fact that the open paths between 
oxide ion sites are important and further found for fluorites that the radius of the 
dopant should match the radius of the host cation as close as possible. The Van Gool 
criterion [79] of having identical or very similar energy points towards the structures 
with relatively cubic symmetry. Solid oxides with the fluorite-type structure such as 
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* ^ ^ 
Figure 1.5: The fluorite (AO2) structure. The red spheres represents the A cation 
sites and the purple spheres are the oxygen sites. 
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zirconia-, ceria-, and bismuth-oxide-based materials are fast oxide-ion conductors, 
which enable their use as good electrolyte materials for applications to solid oxide 
fuel cells and oxygen sensors [3, 61, 75, 83-88]. 
1.8.1.1 Oxide ion conductors based on zirconia 
Fluorite structure is the best known and most studied class of oxide ion 
electrolytes. Stabilized zirconia belongs to this structural type [92]. Depending on the 
temperature, pure zirconia exhibits three different crystallographic polymorphs, 
monoclinic (P2i/c), tetragonal {P42/nmc) and cubic (FmSm) respectively [76, 89, 90]. 
The ideal structure is cubic with oxide ions in tetrahedral sites and cations at the cubic 
face centered lattice points. Both monoclinic and tetragonal phases have distorted 
fluorite structure and the phase transitions among them are diffusionless in nature 
[90]. 
To get oxide ion conduction properties, part of Z/'^ must be substituted by 
another cation of lower valence state (mainly Ca^ ,^Sc^ "^ , Y"^ "^ , or a rare earth cation). 
This doping first leads to the stabilization of the cubic or the tetragonal form, 
depending on the annealing temperature and the dopant concentration and then to the 
simultaneous creation of vacancies in the anion network in order to maintain the 
electrical neutrality [91, 92, 93]. The ionic conductivity of the stabilized zirconia at a 
given temperature depends on the nature and the concentration of aliovalent cations. 
The radius of this aliovalent cation plays a major role. The conductivity increases, as 
the radius gets closer to that of Zr''"^  (rviJi=0.84A). The best value is reached for Sc'^ '^  
(rviii = 0.87A) with a conductivity value of O.lS/cm at 800°C for (Zr02)o.9(Sc203)o.i. 
On doping ZrO: with an aliovalent cation, the extrinsic conductivity first increases 
sharply and then decreases despite the linear increase in the number of vacancies. This 
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result can be explained by defect interactions between doping cations and vacancies 
that can no longer contribute to the conduction process [37]. 
The classic oxide ion conductor yttria stabilized zirconia is based on cubic 
fluorite structure with the general formula Zri.xYx02.5 shown in figure 1.6. The easiest 
jump is along the edge of the cube formed by eight oxygen ions/vacancies. 
Optimization of oxygen transport in fluorite related systems can be based on simple 
considerations on dopant ionic size and charge, in combination with experimental data 
on phase relationships as a function of dopant content and temperature. Lattice 
distortion and strong defect association may be partly avoided if host cation and 
dopant have similar sizes and minimum charge difference [94]. High concentration of 
defects increase defect interaction and decrease the ionic conductivity [95, 96]. YSZ 
is commonly employed as a solid electrolyte in many technological applications such 
as solid oxide fuel cells and oxygen pumps. 
In substituted zirconia, the aliovalent guest cations reside on the sites for host 
cation (Zr'*'^ ), generating oxygen vacancies for charge neutrality. Here the oxide ion 
vacancies are created by introducing trivalent ions (Y^ "*^ ) into the host cation. The 
Kroger-Vink notation for the impurity incorporation can be written as: 
KO,^27/+30^ + K" (1.15) 
2 3 Zr 0 0 
where Yzr' represents yttrium at zirconium sites and OQ" represents oxygen atoms at 
normal sites. Thus creating more of the conducting species VQ [24]. 
The yttrium oxide dopant serves dual role, it stabilizes the high temperature 
cubic phase in zirconia and also generates oxygen vacancies. The oxygen vacancies 
lead to substantial ionic conductivity over an extended oxygen partial pressure range, 
where the electronic conductivity is negligible. For YSZ, the maximum level of 
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Figure 1.6: Crystal structure ofyttria stabilized zirconia with fluorite structure 
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ionic conductivity has been found for 8 - 10% Y2O3 incorporated into the Zr02 
lattice. Beyond this optimal level the conductivity begins to decrease and at this 
optimal level the conductivity may be increased by raising the operating temperature 
to enhance the mobility of defects. This is why most SOFCs become efficient at 
operating temperature around 1000 C. 
After numerous investigations, the highest conducting Zr02 solid solutions 
were obtained with SC2O3 [97] because of the closeness of ionic radii of Zr"*"^  and Sc ^  
[98]. Nevertheless, because of their lower cost, Y2O3 and CaO doped materials are 
most commonly used commercially. Kingery et. al. [99] studied oxide ion mobility in 
Zro.85Cao.15O1.85 and found that the electrical conduction was exclusively due to 
oxygen ion transport. The maximum ionic conductivity was observed with 8-10% 
dopant [100] which is the lower limit required to stabilize the cubic phase. The 
decrease in conductivity for larger dopant levels is generally attributed to association 
between dopant cations and oxygen vacancies leading to ordered domains in which 
the vacancies no longer remain highly mobile [101]. 
YSZ with its high ionic and low electronic conductivity is generally the 
material of choice as an electrolyte in SOFC. In order to improve the conductivity and 
thereby lower the operating temperature alternative electrolyte materials (e.g. doped 
ceria) have been suggested. 
1.8.1.2 Oxide ion conductors based on ceria 
Ceria, CeO has a cubic fluorite-type structure similar to that exhibited by 
stabilized zirconia. The ionic conductivity of ceria is nearly of the order of magnitude 
greater than that of stabilized zirconia [97]. This is due to the larger ionic radius of 
4+ 4+ 
Ce (0.87A, in 6-fold coordination) than Zr (0.72A), which produce a more open 
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structure through which oxide ions can easily migrate. Moreover, ceria has a better 
chemical compatibility with high performance materials [102-104]. 
The crystal structure of doped and undoped ceria is shown in figure 1.7. CeOa 
is an example of a mixed electronic - ionic conductor [105], whose conductivity 
depends on the impurities and oxygen activity in the ambient atmosphere. The 
electronic conductivity of Ce02 can be explained by small polaron hopping between 
3+ and 4+ valence states of cerium, while the ionic conductivity is attributed to 
oxygen vacancies resuhing from acceptor doping [106, 107]. 
The ionic conductivity of ceria-based electrolytes doped with various dopants 
(e.g. Ca^ '^ , Sr^ "^ , Y^^ , La^ "^ , Gd"'"^  and Sm'*'') at different dopant concentrations was 
studied [108-113]. Of all these dopants, Gd203-doped and SmaOs-doped ceria were 
found to have the highest conductivity [2, 114], due to the small association enthalpy 
between dopant cation and oxygen vacancy in the fluorite lattice [115, 116]. The 
conductivity of ceria solid solutions is higher than that of zirconia based phases. For 
instance, the conductivity of a cerium gadolinium mixed oxide is about five times that 
of the corresponding yttrium zirconium oxide. 
Cerium oxide pure as well as doped, has potentially a wide range of 
applications including gas sensors, catalytic supports for automobile exhaust systems, 
and electrolyte materials for solid oxide fuel cells [114, 117-119]. The high ionic 
conductivity coupled with the low activation energy for ionic conduction makes the 
doped ceria an attractive electrolyte for solid oxide fuel cells, whose prospects as an 
environment friendly power source are very promising [120]. The properties of solid 
electrolytes based on doped cerium dioxide have been considered in numerous 
reviews and survey papers [121-123]. The main advantages of this group of oxygen 
ion conductors include a higher ionic conductivity with respect to stabilized Zr02 
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Figure 1.7: The crystal structure of doped ceria. In the right cube, the undoped 
Ce02 is shown, whereas in the left cube, two of the cerium ions are 
replaced by trivalent ions from the lanthanide series (dark spheres), 
between which an oxygen vacancy appears (indicated by a small 
sphere). 
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(particularly at lower temperatures) and a lower cost in comparison with LSGM and 
its derivatives. 
1.8.1.3 Oxide ion conductors based on bismuth 
Bismuth oxide has high oxide ion conductivity and a potential for use as 
electrolyte material for solid oxide fuel cells and for oxygen sensors [124]. The 
structure of BiaOj has been well studied [125-134]. Bismuth oxide has four 
polymorphic forms: stable room temperature a (monoclinic), metastable P (tetragonal) 
and Y (BCC), and high temperature 8 (FCC) [135]. At 730°C, the low temperature a 
(monoclinic) form is transformed to the face centered cubic (5) structure. The cubic 
structure melts at 825°C. Two of them, the low-temperature a and the high-
temperature 5 phases, are stable; the others are high-temperature metastable phases 
[131, 136]. Each polymorph possesses distinct crystalline structures and physical 
properties (electrical, optical, photoelectrical, etc.). Owing to their peculiar 
characteristics, bismuth oxides are used in various domains, such as microelectronics 
[137], sensor technology [138], optical coatings [139], transparent ceramic glass 
manufacturing etc. Compared to other solid electrolytes, oxide ion conducting 
materials based on 5-Bi203 phase [33] are especially important due to their high ionic 
conductivity. Numerous attempts have been made to stabilize the S-BiaOa phase, at 
low temperature through the formation of a series of solid solutions obtained by one 
or more aliovalent substitutions [60, 131, 133, 140]. Bi203-based materials also have a 
number of disadvantages, including thermodynamic instability in reducing 
atmospheres, volatilization of bismuth oxide at moderate temperatures and high 
corrosion activity. 
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1.8.2 Oxide ion conductors based on perovskites 
The perovskite structure, named for the mineral CaTiOa, is a simple cubic system 
in space group Pm3m with composition ABO3, having one formula unit per cell [118]. 
The ideal perovskite structure is shown in figure 1.8. ABO3 consists of a cubic array 
of corner sharing BOe octahedra, where B is a transition metal cation. In basic 
formula ABO3; A can be a 2+ or 3+ cation and B depending on the oxidation state of 
A is a 5+, 4+ or 3+ cation. The A site ion interstitial between the BOe octahedra, may 
be occupied by an alkali, an alkaline earth, or a rare earth ion. In many cases the BOe 
octahedra are distorted, or tilted, due to the presence of the A cation, which is 
generally larger in size than the B cation. Alternatively, the perovskite structure may 
be regarded as cubic close packing of layers of AO3 with B cations placed in the 
interlayer octahedral interstices. Oxygen vacancies are free to move among 
energetically equivalent crystallographic sites as long as the perovskite structure 
exhibits ideal cubic symmetry. The degeneracy between sites disappears upon 
distortion of the lattice towards lower symmetries. The onset of electronic 
conductivity mainly depends on the nature of the B site cation. 
Perovskite type ABO3 ionic oxides have attracted considerable attention due to 
their dielectric, ferroelectric, semiconducting, conducting and superconducting 
behavior [81, 119]. The electrical properties of this type of materials are closely 
related to its crystal structure and oxygen vacancies, which can be controlled by 
doping or annealing in different oxygen partial pressure conditions. 
The existence of oxide ion conductivity in a perovskite material was first 
reported by Takahashi et. al. [141] on a calcium doped lanthanum aluminate, but the 
discovery of really attractive oxygen conduction properties is rather recent. Some of 
these research works were dedicated by the predictive approach of Cook and Samimels 
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Figure 1.8: Ideal perovskite (ABO3) structure 
[142] who defined three optimized criteria for a high oxide ion conductivity in a 
perovskite material: a low mean value of metal oxygen bonding energy, an open 
structure (high free volume), and a critical cation bottleneck for O '^ migration as large 
as possible. These criteria mean that both the radii and the valence state of cations A 
and B are the determining factors. 
Feng and Goodenough [141] in Texas and Ishihara and his group [142, 143] in 
Oita, Japan, were at the forefront of the development of the optimized materials of 
general stoichiometry Lai.xSrxGai.yMgyOj-g (LSGM). The performance of LSGM at 
intermediate temperatures was found to be better than some of the existing fluorite-
type oxides and, indeed, would enable a lowering of the operating temperature of 
devices when compared with the traditional zirconia-based devices,, usually operating 
at temperatures around 1000°C. Further development of the LSGM compositions has 
proved interesting, as a small amount of Co introduced onto the B-site is found to 
improve performance without introducing electronic conductivity [143]. 
1.9 Applications of Oxide Ion Conductors 
Oxide-ion conductors are an important class of materials that form the basis of 
a range of environment friendly applications such as solid oxide fuel cells (SOFCs), 
oxygen sensors and oxygen separation membranes. 
1.9. J Oxygen Sensors 
Oxygen sensor is an electronic device that measures the proportion of oxygen 
in the gas or liquid being analyzed. The use of solid electrolytes in chemical sensing 
has a considerable history stemming from the work of Nemst. The most successful 
commercial sensor is the oxygen sensor using stabilized zirconia as the solid 
electrolyte [144]. 
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In 1961, Weissbert and Ruka [145] reported the first solid electrolyte oxygen 
sensor using Zr02. The device most widely used at present consists of a stabilized 
zirconia electrolyte tube with platinum electrodes deposited on the inner and outer 
surfaces with different P02. An elementary arrangement of a typical zirconia based 
sensor is represented as: 
P02 (known), Pt / YSZ / Pt, P02 (unknown) 
By using such cell cell, a wide range of oxygen partial pressures in gases can be 
measured according to this expression: 
^ RT. Po^(known) 
L = — I n '^ (1.16) 
AF Po^ (unknown) 
This shows a relation between the EMF of the galvanic cell and the ratio of oxygen 
partial pressure at the two electrodes. 
Zr02 based oxygen sensors are widely used to determine the oxygen 
concentration in molten metal and the concentration of reducing elements such as 
carbon, phosphorus or manganese in steel [146] as shown in figure 1.9. The Zr02 
automobile exhaust sensor monitors the air fuel ratio which is maintained within the 
close limits for an optimum operating efficiency of the three way catalysts which 
serves to decrease the amount of pollutants. The Zr02 oxygen sensor experiences a 
o 
wide range of exhaust temperature up to values as high as 900 C. Since zirconia 
markedly becomes electron conducting in this temperature, the sensor probe can be 
-16 
used to measure very low partial pressure of oxygen ~ 10 atm. Oxygen sensor is 
widely used in the field of medicine for studying the oxygen consumpfion in exhaled 
air and in industry in the analysis of exhaust gases from furnaces or combustion 
engines. A number of solid electrolytes are available for construction of other types of 
gas sensors for the measurement of industrial pollutants, such as CO sensor 
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embodying (3-alumina [147] as electrolyte, NO sensor with NASICON electrolyte 
X 
[148], etc. 
1.9.2 Oxygen permeable membranes 
Oxygen permeable ceramic membranes are used for the separation of oxygen 
from air or for industrial scale oxygen separation in the conversion of natural gas to 
syngas (CO+H2) [149]. Oxygen permeable ceramic membranes are made up of mixed 
conducting oxides in which ambipolar diffusion of ionic and electronic charge carriers 
in an oxygen potential gradient assures a high oxygen permeation flux through the 
membrane. High oxygen permeation rates have been obtained with the system (La, 
Sr) MO3.5 (M= Fe, Co, Cr) [150], but some deterioration with time has been noticed. 
One of the best material developed to date is the BICUVOX compound with 
composition Bi2Vo.9Cuo.1O5.35, which shows a particularly large mixed conductivity 
that enables high oxygen permeation rates at moderate temperatures and at high and 
intermediate P02 [37]. Mixed oxide ion and electronic conductivity is also observed in 
composites of a solid oxide ion electrolyte. These mixed conducting metal composites 
include YSZ with palladium [151], samarium doped Ce02 with palladium [152], and 
rare earth doped Bi203 with silver [153]. They have an appreciable oxygen 
permeation rate at elevated temperatures without degradation and are considered 
attractive for industrial applications. 
1.9.3 Fuel cells 
Fuel cells were discovered in 1839 when Sir William Grove demonstrated a 
hydrogen fuel cell, with ceramic devices following in the late 19 /early 20 centuries 
when the use of ceramic oxide ion conductors was highlighted by the development of 
Nemst [154-156]. Fuel cells are the most efficient power generating devices that 
convert the chemical energy of fuel directly into the electrical energy without the need 
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of intermediate conversion to thermal energy. The electrical energy is generated 
through the reaction triggered in the presence of an electrolyte between the fuel (as 
H2, CO etc) present on the anode side and an oxidant (O2) present on cathode side. 
The primary components of a fuel cell are an ion conducting electrolyte, a 
cathode, and an anode, as shown schematically in figure 1.10. Together, these three 
are often referred to as the membrane-electrode assembly (MEA), or simply a single-
cell fuel cell. In the simplest example, a fuel such as hydrogen is present in the anode 
compartment and an oxidant, typically oxygen, into the cathode compartment. There 
is an overall chemical driving force for oxygen and hydrogen to react to produce 
water. Direct chemical combustion is prevented by the electrolyte that separates the 
fuel (H2) from the oxidant (O2). The electrolyte serves as a barrier to gas diffusion, 
but will let ions migrate across it. Accordingly, half-cell reactions occur at the anode 
and cathode, producing ions, which can traverse the electrolyte. 
Fuel cells are classified primarily by the kind of electrolyte they employ as 
shown in figure 1.11. On the basis of which fuel cells are classified as follows [157]; 
1.9.3.1 Polymer Exchange membrane fuel cells 
Polymer electrolyte membrane (PEM) fuel cells, also called proton exchange 
membrane fuel cells, use a solid polymer as an electrolyte and porous carbon 
electrodes containing a platinum catalyst. They take up hydrogea and oxygen from 
air, and water to operate, and do not require corrosive fluids like some fuel cells. 
Polymer electrolyte membrane fuel cells operate at relatively low temperatures, 
around 80°C. 
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Figure J.ll: Schematic representation of a fuel cell 
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1.9.3.2 Alkaline acid fuel cells 
Alkaline fuel cells (AFCs) were one of the first fuel cell technologies 
developed. These fuel cells use aqueous solution of potassium hydroxide as the 
electrolyte and can employ a variety of non-precious metals as a catalyst at the anode 
and cathode. High-temperature AFCs operate at temperatures between 100°C and 
250°C. 
J. 9.3.3 Ph osph oric acid fuel cells 
In a phosphoric acid fuel cell liquid phosphoric acid is used as an electrolyte. 
The acid is contained in a teflon bonded silicon carbide matrix and porous carbon 
electrode containing platinum catalyst. The PAFC's are considered as the first 
generation of modern fuel cell. It is one of the most mature cell types and the first to 
be used commercially. This type of fuel cell is typically used for stationary power 
generation, but some PAFCs have been used to power large vehicles such as city 
o 
buses. The PAFC's operate in the temperature range of 160-220 C. 
1.9.3.4 Molten carbonate fuel cells 
Molten carbonate fuel cells (MCFCs) are currently being developed for 
natural gas and coal-based power plants for electrical utility, industrial, and military 
applications. MCFCs are high-temperature fuel cells that use an electrolyte 
composed of a molten carbonate salt mixture suspended in a porous, chemically 
inert ceramic lithium aluminum oxide (LiA102) matrix. MCFCs operate in the 
temperature range of about 500 -700 C. 
1.9.3.5 Solid Oxide fuel cells 
Solid oxide fuel cell (SOFC) is a highly promising fuel cell that could be used 
in high power applications including industrial and large-scale electricity generating 
stations. A simplified schematic representation of a SOFC is shovra in figurel.l2. 
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The half and overall reactions of SOFC are given as: 
Anode reaction: 2H^+20^~ ->2H^O + 4e~ (1.17) 
Cathode reaction: 0^+4e~ - > 20^' (1.18) 
Overall cell reaction: 2H^ + ^ 2 " ^ ^^2^ ^^ "^ ^^  
The SOFC is currently the highest temperature fuel cell in development and can be 
operated over a wide temperature range from 600 tolOOOC allowing a number of 
fuels to be used. To operate at such high temperatures, the electrolyte used is a thin, 
solid ceramic material (solid oxide) that is conductive to oxygen ions (0 "). 
The most advanced SOFC's are those based on oxide ion conducting 
electrolytes. The most common SOFC electrolyte is Y2O3 stabilized ZrOz (YSZ), but 
in the recent years much research and development work on SOFC's with doped 
Ce02 or doped LaGaOs as electrolyte has talcen place [122]. Up till now, a small 
number of structural families such as Bi203 layered compound pyrochlores, fluorites, 
perovskites [67, 70] are found to be suitable for use as oxide electrolytes. Well 
established high temperature (1000°C) SOFC technology (HT-SOFC) is based on 
oxide conducting YSZ electrolyte. In recent years, however the need for smaller low 
o 
power SOFC's which could be operated at intermediate temperature (500-700 C) has 
been expressed [64]. Since the oxide ion or proton conducting oxides are used as the 
electrolyte for fuel cell therefore the development of a high oxide ion or proton 
conducting ceramic is a highly important subject [158]. Fluorite oxide such as 
stabilized ZrOi or doped CeOa was mainly used as the electrolyte for SOFC. However 
there are other oxides which also exhibit the high oxide ion or proton conduction and 
are required as the electrolyte for fuel cell [159]. Among the perovskite oxides of 
LaGaOs and CaTiOs (oxide ions); BaCeOa and BaZrOs (protons); perovskite related 
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oxides of Ba2ln205 and the new crystal phase of LaiGeOs [160] and LaioSi6026 [161] 
are highly attractive for use as the electrolyte of SOFC. 
Two possible design configurations for SOFC's have emerged, planar design 
and tubular design as shown in figure 1.13. In planar design the components are 
assembled in flat stacks with air and fuel flowing through channels built into the 
cathode and anode. In tubular design components are assembled in the form of a 
hollow tube with the cells constructed in layers around a tubular cathode, air flows 
through the inside of the tube and fuel flows around the exterior. 
• SOFC based on YSZ 
Zirconia ceramics have many attractive properties such as high mechanical 
strength and high fracture toughness. In addition, yttria stabilized zirconia has a high 
ionic conductivity which rendered it an attractive material for application in solid 
oxide fuel cells (SOFC) and oxygen sensors. The most commonly used electrolyte 
material in HT-SOFC is YSZ because of its higher conductivity and desirable stability 
in both oxidizing and reducing atmosphere. YSZ is a solid solution formed between 
Zr02 and Y2O3 with the general formula Zri.xYx02-x/2 with the highest conductivity 
around x = 0.1 [162]. The structure is based on that of fluorite (CaF2) with a cubic 
close packed Zr/Y and 0 located at the tetrahedral sites resulting in 8-coordination for 
the cations. The introduction of the sub valent Y^^  for Zr''^  is compensated for by 
vacancies created on the oxide ion sub lattice. High vacancy concentration combined 
with high mobility results in very high oxide ion conductivity at a temperature above 
800 C. Cubic Zr02 on cooling below its melting point (2680°C) transforms to a 
tetragonal form at 2370°C and then to monoclinic form at 1 ITO^C. 
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• Ceria based electrolyte 
Ceria (CeOi) exhibits a fluorite type structure like YSZ which is well studied 
for oxide ion conductivity [163]. Ceria based solid solutions have been regarded as 
being the most promising electrolyte for intermediate temperature SOFC, since their 
ionic conductivities are higher than that of yttria stabilized zirconia in the intermediate 
temperature range [164]. The ionic conductivity of ceria based solid electrolyte doped 
with various cations (e.g., Ca^ "^ , Sr^ "^ , Y^^ , La^ "^ , Gd^ "^  and Sm'^ '^  ) at various dopant 
concentrations has been extensively investigated [165, 166]. Doped CeOi can exhibit 
even higher conductivity than stabilized zirconia [167]. The material shows a 
significant electronic conductivity at high temperatures. Electronic conductivity arises 
from the reduction of Ce"*^  to Ce^ .^ At sufficiently low temperatures about 500 C the 
electronic contribution can be neglected for some compositions as Ceo.8Gdo.20i.9 
[168]. Several studies have shown that ceria doped with alkaline earth or rare earth 
oxide exhibits ionic conductivity up to two orders of magnitude higher than zirconia 
at comparable temperatures. Pure Ce02 undergoes large departures from 
stoichiometry at elevated temperatures leading to appreciable electronic conduction. 
Yahiro et al [114] overcame this problem by coating Ce02 based electrolyte with a 
film of YSZ. The resuhing composite solid electrolyte exhibit high ionic transport 
number. 
• Bi203 based electrolyte 
Bi203 shows a significant polymorphism with two stable phases a and 5 [48]. a 
o 
is stable below 730 C and has a monoclinic structure which allows p- type 
conduction. 6-Bi203 is stable between 730°C and its melting point, 825°C and 
crystallizes in the fluorite structure. In addition to these two, P-BiaOs (tetragonal) and 
y-Bi203 (body centered cubic) modifications also exist below 650°C as metastable 
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phase [169]. The S-Bi203 contains 25% of the anion vacant sites and as a result 
exhibits high oxide ion conductivity. The high polarizability of Bi "^  ion with its lone 
pair of electron has been viewed as its conductivity enhancing factor. High 
conductivity appears only in the high temperature (730-850 C) 5 phase of fluorite type 
structure. Numerous studies have been carried out for stabilizing the 5 phase to room 
temperature through the substitution of Bi by various metals [133]. The main 
drawback of Bi203 and related compounds is the lack of stability in contact with 
reducing atmosphere. There are several possible ways to overcome the problem of 
instability in Bi203 based materials. For example doping bismuth based oxide with a 
suitable dopant which can lead to a material with a wider ionic domain. 
1.10 Chemistry of Oxides 
1.10.1 Zirconium Oxide 
The general features of pure zirconia are well known. Zirconium oxide 
belongs to the fluorite structured oxide as shown in figure 1.14. Pure Zr02 exhibits 
three crystallographic polymorphs namely, monoclinic (/*2//c), tetragonal (P42/nmc) 
and cubic (FmSm) respectively depending on the temperature [93-95]. Both 
monoclinic and tetragonal phases have distorted fluorite structure and the phase 
transitions among them are diffusionless in nature [94]. 
1.10.2 Cadmium Oxide 
It crystallizes in a cubic rocksalt lattice with space group FmSm like sodium 
chloride, with octahedral cation and anion centers as shown in figure 1.15. Cadmium 
oxide is an n-type semiconductor with a band gap of 2.16 eV at room temperature. 
Cadmium oxide is used in cadmium plating baths, electrodes for storage batteries, 
cadmium salts, catalyst, ceramic glazes, phosphors etc. 
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Figure 1.15: Crystal structure of Cadmium oxide 
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1.10.3 Titanium Oxide 
Under ambient conditions four natural polymorphs of titanium dioxide are 
known to exist. They are anatase, brookite, rutile and columbite (a Pb02) [170-173] 
(shown in figure 1.16). Their relative stability is commonly believed to be Rutile —* 
Anatase —> Brookite ~ Columbite [174]. Rutile (tetragonal) phase is 
thermodynamically stable at high temperatures and, anatase (tetragonal) and brookite 
(orthorhombic) can be obtained at reduced temperatures; their metastability is 
strongly correlated to the surface composition of the oxide and thus to the preparation 
conditions [175]. Anatase is less dense than rutile and is also found to be less stable 
[176,177]. 
1.10.4 Barium Oxide 
Barium oxide, BaO, is a white hygroscopic compound formed by the burning 
of barium in oxygen. BaO is cubic, having octahedral geometry with space group 
FmSm as shown in figure 1.17. 
1.10.5 Calcium Oxide 
It is a colourless, cubic crystalline solid widely used in industries, for example 
in making glass and porcellin as shown in figure 1.18. 
1.10.6 Strontium Oxide 
Strontium oxide or strontia, SrO, has a cubic (halite) crystal structure with 
space group FmSm and having an octahedral geometry as shown in figure 1.19. 
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Figure 1.18: Crystal structure of Calcium oxide 
Figure 1.19: Crystal structure of Strontium Oxide 
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1.10.7 Cerium Oxide 
Ce02 is a fluorite structured ceramic with each cerium atom surrounded by 
eight oxygen atoms. The oxygen atoms are further surrounded by a tetrahedron of 
four equivalent cerium atoms as shown in figure 1.19. In the most stable fluorite 
phase of ceria, it exhibits several defects depending on partial pressure of oxygen. The 
primary defects of concern are oxygen vacancies and small polarons (electrons 
localized on cerium cations). In the case of oxygen defects, the increased diffusion 
rate of oxygen in the lattice causes increased catalytic activity as well as an increase 
in ionic conductivity, making ceria an interesting fuel cell electrolyte for solid-oxide 
fuel cells. 
Figure 1.20: Crystal structure of cerium oxide 
1.10.8 Aluminium Oxide 
It is an amphoteric oxide and is commonly referred to as alumina, or 
corundum. The oxygen ions nearly form a hexagonal close-packed structure with 
aluminium ions filling two-thirds of the octahedral interstices as shown in figure 1.20. 
Each Al^ ^ center is having octahedral geometry. In terms of its crystallography, 
corundum adopts a trigonal Bravais lattice with a space group of R-3c. Alumina also 
exists in other phases, namely a-, P-, y-, 5-1]-, %-. aluminas. Each has a unique crystal 
structure and properties. 
U-AI2OJ 
Figure 1.21: Crystal structure of Aluminium oxide 
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1.10.9 Bismuth Oxide 
Pure bismuth oxide, as shown in figure 1.22. has four crystallographic 
polymorphs. It has a monoclinic crystal structure, designated a- BiiOs. at room 
temperature. This transforms to the cubic fluorite-type crystal structure, S-BiiOs, 
when heated above 727°C, which remains the structure until the melting point, 824°C, 
is reached. The behaviour of Bi203 on cooling from the 5-phase is more complex, 
with the possible formation of two intermediate metastable phases; the tetragonal p-
phase and the body-centred cubic y-phase. 
Figure 1.22: Crystal structure of Bismuth oxide 
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1.10.10 Vanadium Oxide 
Vanadium oxide, as shown in figure 1.23, has the orthorhombic structure with 
space group Pmnm and crystallizes in the distorted trigonal bipyramidal geometry. 
vanadlum(V) oxide 
f 
Figure 1.23: Crystal structure of Vanadium oxide 
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CHAPTER-2 
^(ectricaC conductivity and 
phase transition studies in 
ZrOz - CdO system 
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2.1 Introduction 
Oxide ion conduction is a specific property of solids discovered more than a 
century ago by Nernst in Zirconia derivatives [1, 2, 3]. Oxide ion conductors are solid 
oxides that contain highly mobile oxide ions. Some of the oxide ion electrolytes are 
electronic insulators while others are mixed oxide ion and electronic conductors 
[4].Oxide materials that exhibit high ionic conductivity have attracted considerable 
attention for many years owing to both the range of applications (as fuel cell etc. and 
catalysts) and a fundamental fascination with ionic transport in crystalline solids [5-
13]. Zirconia based ceramics are widely studied because of their excellent electrical 
and mechanical properties [14]. They are used in electrochemical cells (fuel cells, 
oxygen sensors, oxygen pumps) due to their high oxide ion conductivity at elevated 
temperatures [15, 16, 17]. Also they are tough, wear resistant and show low heat 
conductivity. So these materials are useful from structural point of view [18,19]. 
The general features of pure zirconia are well known. Pure ZrOi exhibits three 
crystallographic polymorphs monoclinic {P2i/c), tetragonal (P42/nmc) and cubic 
(Fm3m) respectively depending on the temperature [20 -23]. Both monoclinic and 
tetragonal phases have distorted fluorite structure and the phase transitions among 
them are diffusionless in nature [22]. To get oxide ion conduction properties a small 
fraction of Zr ^ must be substituted by another cation with a lower valence state (like 
Y '^^ ,Ca^ '*', Sc^ "^  etc.). This doping leads to the stabilization of the cubic or tetragonal 
form depending on the annealing temperature and the dopant concentration, and 
secondly, to the simultaneous creation of vacancies in the anion network in order to 
maintain electrical neutrality [3] .The introduction of aliovaient cations into the host 
lattice introduces oxygen vacancies [24], When aliovaient ions are present the 
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concentration of defects will also be changed [25]. The defect equation can be written 
in the Kroger - Vink notation as-
CdO-^Cd'0+0\ + Vo (2.1) 
In this chapter, we present the study of variation of electrical conductivity as a 
function of temperature in ZrOi doped with different mole percent of CdO. The phase 
relationships of sample series of doped and undoped materials were also examined by 
DSC, X-ray powder diffraction, A.C. Impedance and FT-IR spectral studies. 
2.2 Experimental 
The samples were prepared by conventional solid-state reaction. Zr02 
(Aldrich, purity 99.99%) and CdO (Sisco Research Laboratories, purity 99%) were 
taken. Samples of various molar compositions of ZrOi: CdO (0.9:0.1, 0.8:0.2, 0.7:0.3, 
0.6:0.4, 0.5:0.5 and 0.4:0.6) were mixed in an agate mortar and then sintered in air in 
a Muffle Furnace at a temperature of 950°C±1 for 25 hours. From the sintered 
samples, pellets having diameter 2.4 cm and thickness 0.1 cm were made with the 
help of a Hydraulic Press (Spectralab Model SL-89) by applying a pressure of 
490MPa. The pellets were then again sintered at 950°C±1 to ensure the stability. 
The X-ray diffraction patterns were recorded at room temperature on Philips 
W-1050/30 diffractometer by using Ni filtered CuKa radiations. 
Differential scanning calorimetric (DSC) measurements were carried out on 
Schimadzu DSC- 60. Approximately weighed 15 mg dry powder of sample was 
placed in an alumina cell. The analysis was performed in N environment, flowed with 
o 
rate of 35 ml/min. The heating rate was maintained at 10 C/min. from ambient to 
650°C. 
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FT-IR spectra were recorded in the transmittance mode for sample powders 
diluted with analytically graded KBr to exactly 10 %w/w in wave number region of 
-1 
4000-400 cm using a Perkin Elmer 1 spectrophotometer. 
The a.c. conductivity measurements were carried out using GENRAD 1659 
Digibridge in the temperature range of 40-600°C at four different frequencies of 
lOkHz, IkHz, 120HZ, lOOHz by means of a two probe method. The heating rate was 
maintained as l°C/min. 10 minutes were found to be appropriate as stabilization time 
between the steps of measurement. However impedance measurements were carried 
out at room temperature in the frequency range from 42Hz to 5MHz using Impedance 
analyzer HIOKI 3532 50 LCR Hitester Impedance analyzer. In both cases, the 
sintered pellets were placed in between two well - polished platinum electrodes to 
carry out the measurements. 
2.3 Results and Discussion: 
2.3.1 FT-IR Spectral Studies 
Figure 2.1 shows the FT-IR spectra for ZxOi. CdO system. ZxOi is a bent, cis 
dioxo molecule with C2v type symmetry. Therefore the two bands denoted as v\ and 
U2 obser\'ed for pure ZrOi may be assigned to the anti symmetric and symmetric 
stretching modes of Zr-0 bond vibration [26]. Table 2.1 lists the important IR 
frequencies for Zr02 : CdO solid solution of different compositions. However it is 
noticed that these two bands denoted as Vi and V2 are shifted to higher frequencies as 
the mole ratio of CdO increases. This trend can easily be explained on the basis of 
reduced mass effect as Zr in the lattice structure of Zr02 has been replaced partially 
by lighter Cd ions. Besides vi and V2 a new band V3 which is due to the stretching 
mode of Cd=0 is observed in all the doped samples. This can be related to the 
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Figure 2.1: FT-IR spectra ofZr02 - CdO system 
70 
Table 2.1: FT- IR frequencies for various mole ratios ofCdO 
Moles of CdO 
0 
0.2 
0.3 
0.5 
vi(cm"') 
729 
733 
735 
740 
V2(cm'') 
750 
759 
761 
772 
V3(cm"') 
-
854 
857 
859 
0.6 761 780 876 
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disappearance of the fine structure on substitution of zirconium by cadmium which 
reveals the presence of a crystallographic disordering in the solid, which is indicative 
of occurrence of phase transition in the system [26]. 
2.3.2 X- ray powder diffraction 
The X-ray pattern of pure ZrOa, CdO and their doped samples recorded at 
room temperature after annealing are shown in figure 2.2. The doped samples 
o 
annealed at 850 C show the presence of CdO as well as two phases of Zr02 
(tetragonal and monoclinic). The tetragonal perovskite CdZrOs is predominantly 
formed in 0.3 moles of CdO as reported so far [27]. In pure Zr02 the tetragonal and 
monoclinic peaks are clearly observed. As the concentration of the dopant increases 
the two peaks start diminishing and the new peaks for CdO start appearing. It is 
interesting to note that the variation of diffraction patterns as a function of 
compositional ratio is a signature of occurring structural polymorphism in this binary 
system. The new phase of ZxOi doped with CdO is maintained even though the 
concentration of Cd is continuously increased. However the tetragonal perovskite is 
seen to retain up to 0.6 CdO doped with Zr with insignificantly collapsed patterns. 
This may be an evidence of phase transition. 
2.3.3 Differential scanning calorimetry 
The DSC curves are illustrated in figure 2.3. DSC curve of pure Zr02 shows an 
exothermic peak at 460 C due to the phase transition of Zr02 from monoclinic phase to 
tetragonal [28, 29]. DSC curves of doped samples show a slight shift in this exothermic 
peak towards higher temperatures, suggesting a shift in the transition temperature to 
higher sides on doping. This shift increases with increasing the concentrafion of dopant. 
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Figure 2.2: XRD pattern ofZrOi. - CdO system 
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Consequently the exothermic peak appears at 469°C, 478°C and 540°C respectively for 
1 %, 4% and 5% CdO. This composition dependence of polymorphism is in perfect 
agreement with those obtained from XRD analysis. 
2.3.4 Conductivity measurement: 
The temperature dependence of ionic conductivity is expressed by the 
Arrhenius equation as: 
A -^a 
cr = —exp (2,2) 
T kT 
Doping of Zr02 occurs by the substitution of host cation by the lesser valent 
Cd ^ ion and this leads to the creation of oxygen vacancies. The vacancy creation 
gives rise to the migration of oxide ion vacancies and hence results in higher 
conductivity. Increasing the CdO concentration leads to the introduction of more 
vacancies in the lattice. Besides some oxide ions present as interstitials also contribute 
to the conductivity [30]. The variation in conductivity with temperature at 10 kHz for 
ZrOz, CdO and various doped samples are shown in figure 2.4. Similar electrical 
conductivity behavior is exhibited by ail the compositions. The conductivity of the 
doped samples increases sharply with rise in temperature attains a maximum at 180°C 
and then decreases. The initial rise in conductivity with increase in temperature arises 
due to the increase in the rate of migration of oxygen ion vacancies [32]. The drop in 
conductivity beyond 180°C is due to the collapse of fluorite framework and on 
cooling the higher conductivity is regained. Such type of decrease in conductivity has 
been reported earlier [31, 32, 33]. Pure Zr02 shows a second rise in conductivity from 
460°C onwards as its phase transition from, monoclinic to tetragonal symmetry begins 
at 460°C and is completed around 1160°C [34]. 
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All the doped samples studied also show a second rise beyond 460°C. Conductivity 
variation with temperature for all the samples was also studied at 1 kHz, 120 Hz and 
100 Hz and it was found that the change in frequency does not induce any change in 
conductivity behavior. These results are in good agreement with those obtained from 
DSC measurements, though; there is slight difference in the phase transition 
temperatures. This difference can be attributed to the different timescales of the two 
techniques [35, 36] as the heating rates of conductivity and DSC measurements were 
o o 
controlled at 1 C/min and lOC/mm respectively. Figure 2.5 shows the rise in 
isothermal conductivity as the level of substitution increases at room temperature at 10 
kHz, it is observed that the conductivity gradually increases with increase in the 
concentration of CdO. The activation energies Eai and Ea2 for the temperature range of 
0 0 
40-220 C and 380-600 C have been calculated as shown in table 2.2. A commonly 
accepted method to study the non - linear Arrhenius behavior is to fit the data by two 
straight lines in the lower and higher temperature ranges. It is seen from figure 2.6 (a) 
and (b) that in the lower temperature region (i.e. 40-220°C) the activation energy 
decreases with increase in the concentration of CdO, whereas the conductivity increase 
with increase in CdO concentration, such behavior is not seen in higher temperature 
range. 
2.3.5 AC Impedance Spectroscopy 
A.C. impedance spectroscopy has become a powerful tool for the invesfigation 
of ionic conductivity of solid electrolytes. The electrical properties of ionic 
conductors are evaluated by em.ploying impedance spectroscopy. The use of 
equivalent circuits is a necessary means of interpreting impedance spectra and 
subsequently calculating the conductivity of any ionic con^ !B6!OTr^ ~=S55_ 
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Table 2.2: Activation energies for various mole ratios at different temperature 
ranges 
Mol%ofCdO Activation energy (eV) 
0.1 
0.2 
0.3 
0.4 
0.5 
Ea, (40-220 
0.43 
0.41 
0.42 
0.39 
0.37 
C) Ea2 (380-600 C) 
0.09 
0.14 
0.10 
0.30 
0.13 
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It is known that the complex impedance (Z (co)) is defined as the sum of its real (Z ) 
and imaginary (Z) part: 
Z*((o) = Z' + Z" (2.3) 
Z and Z are given as follows: 
(2.4) Z'-
Z"= 
R 
g 
g g g 
R^o) C 
g g g 
+ 
- + 
R 
gb 
l+co^  C^  R^ 
gb gb gb 
gb gb gb 
l + ^y^C^R^ 1 + 6;\C2 R 2 
g B g gb gb gb 
(2.5) 
The impedance plots (Cole-Cole) are obtained for Zr02 doped with CdO as shown in 
figure 2.7. It has been found that the idealized impedance plane plots of such 
0 
materials below 200 C consist of one capacitive semicircle attributable to the gram 
oxygen ionic conductivity, as well as a low frequency inclined spike due to the ionic 
polarization and the electrochemical reactions occurring at the electrode interface; 
which supports the idea that the conductivity is mainly due to the motion of oxygen 
ion vacancies [37, 38]. The grain contribution is strong enough to overcome the grain 
boundary contribution, which is confirmed by the existence of only one semi circle at 
lower frequencies. The intercept of the low frequency end of the semicircle with the 
Z'- axis gives the total contribution to the sample conductivity. However at higher 
o 
temperatures at 450 C the plane plot shows only the inclined spike which directly 
gives the total contribution to the sample conductivity. Table 2.3 lists the deduced 
values of equivalent circuit parameters for various compositions of Zr02: CdO. 
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Table 2.3: Values of equivalent circuit parameters for various mole ratios of 
zirconium-cadmium 
CdO Cone. 
0.1 
0.3 
0.5 
0.6 
Rg(kil) 
12087.7 
11788.8 
462.93 
238.66 
Cg(F) 
2.63x10'" 
2.7x10"" 
6.87x10"'^  
1.33x10"'^  
Tg(s) 
3.18x10'^ 
2.65x10'^ 
3.18x10"^ 
3.18x10"^ 
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2.4 Conclusions 
The electrical conductivity of pure ZrOa as well as, Zr02 doped with CdO, 
Q 
increases with increase in the temperature up to 180 C due to the creation of oxide ion 
vacancies and the migration of these vacancies and then decreases due to the collapse 
o 
of the fluorite framework. The second rise in conductivity in pure Zr02 at 460 C is 
due to its phase transition from monoclinic to tetragonal. Doping of ZrOa by CdO 
increases the phase transition temperature. The higher the dopant concentration the 
higher is the transition temperature. This effect is confirmed by DSC results also. The 
existence of a semi circle due to the grain contribution to the oxygen ionic 
conductivity and a low frequency spike supports the fact that conductivity is mainly 
due to the movement of oxygen vacancies. 
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^(ectricaC conductivity and 
pfiase transition studies of 
^Oz - CaO system 
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3.1 Introduction 
T1O2 in nature occurs in three crystalline modifications, rutile [1], anatase [2], 
and brookite [3]. Rutile is the most stable phase among all. The density of brookite is 
larger than that of rutile [4]. It is well known that, Ti02 appears as high-pressure 
phases that are isostructural with columbite (orthorhombic aPb02) and baddeleyite 
(monoclinic Zr02) [5, 7]. 
TiOa is a white powder which finds extensive use today in the paint industry 
as well as in the paper and textile industry [8]. It is one of the most important binary 
oxides for technological applications and is currently under investigation for high 
added value environmental applications, including photocatalysis and electrochemical 
cells [9, 10]. Ti02 is used in a wide range of common and high technique applications 
because of its moderate price, chemical stability and non toxicity. Its electrical and 
optical properties are dominated easily by oxygen vacancies or impurities [11]. 
Calcium titanate is an important material with a wide range of applications in 
electronics [12]. Its proper chemical formula is CaTiOa-s where 5 represents the 
oxygen deficit, which may be directly related to the concentration of oxygen 
vacancies, responsible for the formation of donors. Semiconducting properties as well 
as other functional properties of CaTiOa are closely related to its oxygen non 
stoichiometry [13]. 
CaTiOs at elevated temperatures is an amphoteric semiconductor which 
exhibits both n and p type conductivity [14-16]. Its semiconducting properties are 
determined by the concentration of point defects, such as oxygen vacancies. 
This chapter presents the study of effect of doping Ti02 with CaO on 
electrical conductivity. X-ray powder diffraction, DSC, FT-IR spectral studies and 
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Impedance measurements were carried out for confirming the doping effects and the 
phase relationship of the material. 
3.2 Experimental 
The samples were prepared by conventional solid-state reaction. Ti02 
(Aldrich, purity 99.99%) and CaO (Sisco Research Laboratories, purity 99%) were 
taken. Samples of various molar compositions of Ti02: CaO (0.9:0.1, 0.8:0.2, 0.7:0.3, 
0.6:0.4, 0.5:0.5 and 0.4:0.6) were mixed in an agate mortar and then sintered in air in 
a Muffle Furnace at a temperature of 950°C±1 for 25 hours. From the sintered 
samples, pellets having diameter 2.4 cm and thickness 0.1 cm were made with the 
help of a Hydraulic Press (Spectralab Model SL-89) by applying a pressure of 490 
MPa. The pellets were then again sintered at 950°C±1 to ensure the stability. 
The X-ray diffraction patterns of the above prepared samples were recorded at 
room temperature on Philips W-1050/30 diffractometer by using Ni filtered CuKa 
radiations (X.-1.54060A). 
DSC measurements were performed in air by using Schimadzu 60 
Differential Scanning Calorimeter up to 600 C. The rate of heating was maintained as 
o 
10 C/min. For analysis, 10-15 mg of sample was placed in an alumina crucible. 
FT-IR spectra were recorded in transmittance mode on Perkin Elmer 
Spectrophotometer. The samples were diluted (10%) w/w) in dry KBr and scanned 
over frequency range 3500-500cm"'. 
The a.c. conductivity measurements were carried out using GENRAD 1659 
Digibridge in the temperature range of 40-600°C at four different frequencies of 
lOkHz, IkHz, 120Hz, lOOHz by means of a two-probe method. The heating rate was 
maintained as l°C/min. 10 minutes were found to be appropriate as stabilization time 
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between the steps of measurement. However, impedance measurements were carried 
out at room temperature in the frequency range from 42Hz to 5MHz using HIOKI 
3532 50 LCR Hitester Impedance analyzer. In both cases, the sintered pellets were 
placed in between two well - polished platinum electrodes to carry out the 
measurements. 
3.3 Results and discussion 
3.3.1 FT-IR spectral studies 
FT-IR spectra for various compositions of Ti02-CaO system are shown in 
figure 3.1. It is seen that for pure Ti02 there exists two bands at 664 and 516.7 cm"' 
denoted as vi and vj. But for the doped samples, in addition to these two bands three 
new band V3, V4 and V5 are also found. However it is observed that these bands shift 
towards lower frequencies as the concentration of dopant increases [20] as is evident 
from table 3.1. 
The absorption characteristics of CaTiOa are very similar to those of SrTiOs 
and BaTiOs except that in CaTiOs the absorption bands are shifted to lower 
frequencies. This may be due to shorter Ti—0 bond length in TiO octahedral. This 
bond length in CaTiOs is 0.192 nm while in BaTiOs it is 0.197 nm and in SrTiOs it is 
0.195 nm. The band observed in the range 360-380 cm'' (out of frequency range of 
measurement) may be assigned to Ti—0 stretching normal vibration [21, 22]. The 
band V4 at 1149.88, 1140.55, 1120.56 and 1099.68 cm'' for 0.1, 0.3, 0.5 and 0.6 molar 
ratios of CaO respectively may be due to metal—0 bond and due to the lattice defect 
present in CaTiOs [23]. Besides these, some weak bands also appear in the range 419-
480 cm'' which are denoted as vs.This can be correlated with the crystallographic 
changes as a result of the increased defect with dopant concentration. 
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Figure 3.1: FT-IR spectra ofTi02 - CaO system 
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Table 3.1: FT-IR frequencies for various mole ratios ofCaO 
Moles of CaO Frequencies (cm" )^ 
Vi V2 V3 V4 Vs 
0 664 516.7 — — — 
0.1 689.20 590.13 1039.71 1149.88 470.96 
0.3 679.87 579.92 1037.92 1140.55 470.32 
0.5 648.77 569.01 879.86 1120.56 430.20 
0.6 579.92 530.01 859.79 1099.68 419.99 
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3.3.2 XRD Results 
Figure 3.2 (a) and (b) shows the X-ray diffractograms of pure Ti02, CaO and 
their various compositions. The diffractograms of the doped samples show the 
existence of anatase Ti02 as well as some additional peaks due to the presence of 
CaO. As for pure TxOi figure 3.2 (b) the anatase peaks are clearly seen. It is 
interesting to note that the variation of diffraction patterns as a function of 
compositional ratio is a signature of occurring structural polymorphism in this binary 
system. It has been found that the compositions having 0.5 and 0.6 molar ratios of 
CaO clearly show the formation of tetragonal CaTi03. As seen from the figure the 
shift in the peak (101) to larger angles on increasing the concentration of CaO 
indicates that the lattice constants decrease with addition of CaO [24]. This can be 
considered to be due to the tetragonal distortion of TiOi which is confirmed by the 
splitting of (211) [25]. This may be an evidence of phase transition. 
3.3.3 DSC studies 
The DSC curves for pure TiOa, CaO and Ti02 doped with CaO are illustrated 
in figure 3.3. In pure Ti02, the phase transition from anatase to rufile at 500 C is 
depicted by an endothermic peak. On doping with CaO, the endothermic peak shifts 
towards lower temperatures because the transition temperatures shift towards lower 
side on doping. The transition temperature at 440°C for 0.3 molar ratios of CaO is 
o 
decreased to 400 C when the concentration of CaO is increased to 0.6 molar ratios, 
suggesting that the increase in concentration of CaO shifts the phase transition 
temperature to lower temperatures. 
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3.3.4 Conductivity Measurement: 
The temperature dependence of ionic conductivity is expressed by the 
Arrhenius equation as: 
a = a Qxp—^ (3.1) 
° kT 
Doping of Ti02 occurs by the substitution of host cation by the lesser valent Ca ion 
and this leads to the creation of oxygen vacancies. This vacancy creation gives rise to 
the migration of oxide ion vacancies and hence results in higher conductivity. 
Increasing the CaO concentration leads to the introduction of more vacancies in the 
lattice. Besides some oxide ions present as interstitiais also contribute to the 
conductivity [26]. The variation in conductivity with temperature at 10 kHz for Ti02, 
CaO and various doped samples are shown in figure 3.4. Similar electrical 
conductivity behavior is exhibited by all the compositions. It is clearly seen from the 
figure, that, in the lower temperature range, i.e. from room temperature to about 
0 
140 C, the plot runs almost parallel to the temperature axis showing that conductivity 
is independent of temperature at low temperatures due to the low mobility of lattice 
defects [27]. It is seen that there is a point at which the concentration of defects 
becomes effectively independent of temperature designated as frozen in equilibrium. 
In this process temperature does not affect the number of defects and conductivity. 
This is in good agreement with the findings of some other authors like Krzysztof in 
which the conductivity is attributed to the impurities present. Linz et. al. found that 
there is no observable anisotropy in the low temperature range on the electrical and 
optical properties of CaTiOs and they stated that the properties investigated were quite 
similar to those of strontium titanates [17]. It is also found that nearly in all ceramic 
materials on heating, a barrier layer is formed leading to constant conductivity values. 
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At a certain temperature, oxygen diffuses into the sample that leads to the formation 
of a non conducting oxide layer at the intergranular spacing. In this layer charges 
easily accumulate to form a high resistance barrier where the conduction electrons are 
independent of temperature [27]. 
Dissolution of CaO in the fluorite phase of Ti02 leads to the occupation of Ti "^  
sites by Ca ions and a positively charged oxygen vacancy is created for each Ca 
ion present to maintain electroneutrality. The defect equation can be written in the 
Kroger Vink notation as: 
'o (3.2) 
The conductivity of the doped samples after initially remaining constant till about 
140 C increases sharply with rise in temperature, attains a maximum at 240°C and 
o 
then decreases. This rise in conductivity with increase in temperature from 140 C to 
240 C arises due to the increase in the rate of migration of oxygen ion vacancies [26]. 
The drop in conductivity beyond 240°C is due to the collapse of fluorite framework 
and on cooling, the higher conductivity is regained. Such type of decrease in 
conductivity has been reported earlier [28, 29, 30]. Moreover, this is consistent with 
the previously proposed defect reaction based on Kroger Vink notation. 
Conductivity variation with temperature for all the samples was also studied at 1 
kHz, 120 Hz and 100 Hz and it was found that the change in frequency does not 
induce any change in conductivity behavior. These results are in good agreement with 
those obtained from DSC measurements, though, there is slight difference in the 
phase transition temperatures, which can be attributed to the different timescales of 
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the two techniques [31, 32] as the heating rates of conductivity and DSC 
o o 
measurements were controlled at 1 C/min and 10 C/min respectively. 
Figure 3.5 shows the rise in isothermal conductivity as the level of substitution 
decreases at room temperature at 10 kHz. 
0 
The activation energies, Eaj and Ea2, for the temperature range of 140-240 C and 
380-600 C have been calculated and reported in table 3.2. A commonly accepted 
method to study the non - linear Arrhenius behavior is to fit the data by two straight 
lines in the lower and higher temperature ranges. From the slopes of the linear parts, 
the activation energies Eai and Ea2 are calculated. The value of Eai, 1.38 eV for the 
sample containing 0.2 molar ratio of CaO is close to the reported value [29]. The 
values of Eai can be considered to be due to impurities in the conduction band. The 
values fluctuate from sample to sample depending on the impurity level. The value of 
Ea2 for the sample containing 0.4 molar ratio of CaO is 0.03eV while for the other 
samples is in the range 0.1-0.2eV as shown in figure 3.6 (a) and (b). 
3.3.5 A.C. Impedance analysis: 
A.C. impedance spectroscopy has become a powerful tool for the investigation 
of ionic conductivity of solid electrolytes. The impedance plots (Cole-Cole) are 
obtained for Ti02 - CaO system as shown in figure 3.7. It has been found that the 
idealized impedance plane plots of such materials below 200 C consist of one 
capacitive semicircle attributable to the grain oxygen ionic conductivity as well as a 
low frequency inclined spike due to the ionic polarization and the electrochemical 
reactions occurring at the electrode interface which supports the idea that the 
conductivity is mainly due to the motion of oxygen ion vacancies [33, 34]. 
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Figure 3.5: Compositional variation of room temperature conductivity ofTi02 -
CaO system 
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Table 3.2: Activation energies of various moles of CaO at different temperature 
ranges 
Molar ratio of CaO Activation energy (eV) 
140-240°C (Eai) 420-600°C (Eaj) 
0.1 0.64 0.29 
0.2 1.38 0.14 
0.3 0.77 0.12 
0.4 0.59 0.03 
0.5 0.40 0.13 
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The grain contribution is strong enough to overcome the grain boundary contribution 
which is confirmed by the existence of only one semi circle at lower frequencies. The 
intercept of the low frequency end of the semicircle with the Z'- axis gives the total 
o 
contribution to the sample conductivity. However at higher temperatures at 450 C the 
plane plot shows only the inclined spike which directly gives the total contribution to 
the sample conductivity. Table 3.3 lists the deduced values of equivalent circuit 
parameters for titanium-calcium for different compositions. 
3.4 Conclusions 
The electrical conductivity of pure TiOi as well as, Ti02 doped with CaO, 
after initially remaining constant till about HOC increases with increase in the 
temperature due to the migration of oxide ion vacancies created. The second rise in 
conductivity in pure Ti02 at 500 C is due to its phase transition from anatase to rutile. 
Doping of TiOi by CaO lowers the phase transition temperature. The higher the 
dopant concentration the lower is the transition temperature. This effect is confirmed 
by DSC results also. The existence of a semi circle due to the grain contribution to the 
oxygen ionic conductivity and a low frequency spike supports the fact that 
conductivity is mainly due to the movement of oxygen vacancies. 
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Table 3.3: Values of equivalent circuit parameters estimated from the impedance 
spectra for different compositions of titanium-calcium 
ConcOfCaO 
0.1 
0.3 
0.5 
0.6 
Rg (k«) 
1280.88 
804.56 
1069.8 
2133.96 
Cg(F) 
1.24x10-'* 
3.95x10-^  
2.12x10-'° 
1.86x10''° 
Tg(s) 
1.59x10-' 
3.18x10'^  
2.27x10-^  
3.98x10"^  
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CHAPTER-4 
^lectricaC conductivity and 
phase transition sttufies 
of^02-(BaO system 
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4.1 Introduction 
Ti02 is one of the most important binary oxides for technological applications 
because of its moderate price, chemical stability and non toxicity [1]. Besides its well 
- known use as white pigment, it is also currently under investigation for high added 
value environmental applications including photocatalysis and photo electrochemical 
cells [2, 3]. Ti02 (rutiie) has a wide range of applications due to its interesting 
electrical and photoelectrical properties [4, 5]. These properties can be significantly 
modified on doping the metal ion by both acceptor and donor type elements [6-8]. 
High temperature semiconducting properties of undoped [9, 10], acceptor doped [6, 
10, 11] or donor doped [10,12] Ti02 have been the subject of numerous reports. 
The three phase transitions of BaTiOj occur at temperatures around -90, 5 and 
0 O 
130 C [13, 14]. Above 130 C BaTiOs hos a stable cubic phase. In the temperature 
range of 5 and 130 C, the crystal is spontaneously polarized along a <100> direction 
accompanied with tetragonal symmetry. In the range of -90 and 5 C, the crystal 
symmetry is orthorhombic and the direction of spontaneous polarization transfers to a 
pseudocubic <110>. On decreasing the temperature below -90 C a further transition to 
rhombohedral symmetry takes place. These three transitions exhibit marked 
difference in electrical conductivity behavior near the transition temperatures [15]. 
Barium titanate is a classical example of ferroelectric material that was widely 
used in electronic devices as high permittivity capacitors, IR detectors or transducers 
[16-21], and it is of the perovskite ABO3 type material [22]. Barium titanate powder 
due to its excellent dielectric properties is extensively used in the preparation of 
multilayered ceramic capacitors [23]. 
In this chapter, we discuss the effect of doping Ti02 with BaO on electrical 
conductivity of Ti02. X-ray powder diffraction, DSC, FT-IR spectral studies and 
111 
Impedance Spectroscopy were carried out to study the effect of doping and the phase 
relationships of the materials. 
4.2 Experimental 
The samples were prepared by conventional solid-state reaction. Ti02 
(Aldrich, purity 99.99%) and BaO (Sisco Research Laboratories, purity 99%) were 
taken. Samples of various molar compositions of Ti02: BaO (0.9:0.1, 0.8:0.2, 0.7:0.3, 
0.6:0.4, 0.5:0.5 and 0.4:0.6) were mixed in an agate mortar and then sintered in air in 
a Muffle Furnace at a temperature of 950°C±1 for 25 hours. From the sintered 
samples, pellets having diameter 2.4 cm and thickness 0.1 cm were made with the 
help of a Hydraulic Press (Spectralab Model SL-89) by applying a pressure of 
490MPa. The pellets were then again sintered at 950°C±1 to ensure the stability. 
The X-ray diffraction patterns for various samples were recorded at room 
temperature on Philips W-1050/30 diffractometer by using Ni filtered CuKa 
radiations (}i=1.54060A) in 20 range of 10-70°. 
DSC measurements were performed in air by using Schimadzu 60 Differential 
Scanning Calorimeter up to 600 C. The rate of heating was maintained as 10 C/min. 
For analysis, 10-15 mg of sample was placed in an alumina crucible. 
FT-IR spectra were recorded in transmittance mode on Perkin Elmer 1 
Spectrophotometer. The samples were diluted (10% w/w) in dry KBr and scanned 
over frequency range 3500-500cm"'. 
The a.c. conductivity measurements were carried out using GENRAD 1659 
Digibridge in the temperature range of 40-600°C at four different frequencies of 
lOkHz, IkHz, 120Hz, lOOHz by means of a two probe method. The heating rate was 
maintained at l^C/min. 10 minutes were found to be appropriate as stabilization time 
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between the steps of measurement. However impedance measurements were carried 
out at room temperature in the frequency range from 42Hz to 5MHz using HIOKI 
3532 50 LCR Hitester Impedance Analyzer. In both cases, the sintered pellets were 
placed in between two well - polished platinum electrodes to carry out the 
measurements. 
4.3 Results and Discussion 
4.3.1 FT-IR spectral studies 
Figure 4.1 shows the IR spectra of Ti02: BaO system. It is clearly seen from the 
figure that for pure Ti02 two bands exist due to Ti—0 stretching vibration modes, at 
669 and 530.16 cm'' denoted as vi and vi- But in the doped samples along with these 
two bands a new band, V3, is also observed, as shown in table 4.1, which shifts 
towards lower frequencies as the concentration of BaO increases. This is clearly 
evident for the formation of the BaTiOs phase along with other undefined phases 
which have been reported so far for the formation of BaTiOs. As for 0.1, 0.3, 0.5 and 
0.6 BaO the bands exist at 913.20, 912.89, 859.79 and 850.02 cm'' respectively which 
suggests that addition of the dopant leads to a shift in the frequencies. However it is 
also seen that besides V3, vi and V2 also shift towards lower frequencies as the 
concentration of BaO increases [24]. This can be related to the disappearance of the 
fine structure on substitution of titanium by barium, which reveals the presence of a 
crystallographic disordering in the solid, which is indicative of occurrence of phase 
transition in the system [25]. 
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Figure 4.1: FT-IR spectra of Ti02 - BaO system 
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Table 4.1: FT- IR frequencies for various mole ratios ofBaO 
BaO mol ratio vi (cm") V2 (cm"') V3 (cm"') 
0 
0.1 
0.3 
0.5 
0.6 
669.21 
700.75 
610.22 
580.57 
428.50 
530.16 
579.36 
559.98 
530.51 
400.80 
— 
913.20 
909.91 
859.79 
850.02 
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4.3.2 XRD Results 
Figure 4.2 shows the X-ray diffractograms of pure TiOa and its compositions 
with BaO. The diffractograms of the doped samples show the existence of anatase 
Ti02 as well as some peaks for BaO. As for pure Ti02 the anatase peaks are clearly 
seen, whereas, several additional peaks appear in the doped samples. It is seen from 
the figure that with the addition of BaO there is formation of new phases. This can be 
considered to be due to the tetragonal distortion of TiOi which may also be confirmed 
by the splitting of (200). As expected 0.5 and 0.6 mole BaO addition to the system 
resulted in the formation of tetragonal BaTiOs {P4mm) [26] and orthorhombic BaTiOa 
{Amml) [27] phases [28, 29] respectively, their respective unit cell pai'ameters are 
shown in table 4.2. This has been further evidenced by the comparison of their 
diffraction patterns with those reported in [26] and [27] respectively. It can be noticed 
that the point between these two values of BaO mole ratio is considered to be as a 
junction of tetragonal -^ orthorhombic transition. 
4.3.3 DSC results 
The DSC curves are illustrated in figure 4.3. Pure TiOi shows an endothermic 
o 
peak at 500 C showing its phase transition from anatase to rutile [30]. On doping with 
o 
0.1 mole BaO the transition temperature is lowered to 470 C but as the concentration 
of dopant increases, the endothermic peak shifts towards higher temperatures. The 
transition temperature at 470 C for 0.1 molar ratio of BaO is increased to 540°C when 
the concentration of BaO is increased to 0.6 molar ratio suggesting that the increase in 
concentration of BaO shifts the phase transition to higher temperatures. 
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Figure 4.2: XRD pattern ofTiO: - BaO system 
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Table 4.2: Refined unit cell parameters for various compositions ofTi02-BaO 
system 
a (A) b (A) c (A) 7 ( P ) Phase ReT 
TiOi 3.784 
0.5BaO 3.994 
0.6BaO 3.980 4.010 
BaO 4.897 
9.512 
4.033 
4.020 
3.196 
136.26 
64.33 
64.15 
76.64 
Tetragonal 
Tetragonal 
Orthorhombic 
Tetragonal 
[40] 
[36] 
[37] 
[50] 
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4.3.4 Conductivity measurements 
Variation of electrical conductivity with temperature for various compositions 
of Ti02: BaO (0.9: 0.1; 0.8: 0.2; 0.7: 0.3; 0.6: 0.4; 0.5: 0.5; 0.4: 0.6) at 10 kHz is 
shown in figure 4.4. Addition of lesser valent Ba^ ^ ions to TiOi, lead to the creation of 
oxygen vacancies which give rise to the migration of oxide ion vacancies and hence 
result in higher conductivity [31]. Increasing the BaO concentration leads to the 
introduction of more vacancies to the lattice, thereby increasing the conductivity. It 
may be seen from the figure that the conductivity variation for the various 
compositions follow similar pattern. All compositions show an initial sharp rise in 
conductivity with increase in temperature till 240 C and thereafter show a decreasing 
trend. This initial rise is due to the increase in the rate of migration of vacancies with 
rise in temperature. The drop in conductivity beyond 480 C is due to the collapse of 
fluorite framework; on cooling the higher conductivity is regained which confirms the 
restructuring of the sub lattice. Such type of decrease in conductivity has been 
reported earlier [32, 33, 34]. 
All the doped samples studied by us also show a second rise in conductivity 
around 500 C, suggesting the phase transition of Ti02 from anatase to rutile. 
Conductivity variation with temperature, for all the samples was also studied at 1 
kHz, 120 Hz and 100 Hz and it was observed that the change in frequency does not 
induce any change in conductivity behavior. 
These results are in good agreement with those obtained from conductivity 
measurements, though; there is slight difference in the phase transition temperatures. 
The difference can be attributed to the different timescales of the two techniques [35, 
36] as the heating rate of conductivity and DSC measurements were controlled at 
1 C/min and 10 C/min respectively. 
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Figure 4.5 shows the rise in isothermal conductivity as the level of substitution 
increases at room temperature and it is seen that the conductivity gradually increases 
as the concentration of BaO increases. 
o 
The activation energies Eai and Ea2 for the temperature range 40-240 C and 
500-600 C have been calculated. A commonly accepted method to study the non 
linear Arrhenius behavior is to fit the data by two straight lines in the lower and 
higher temperature range. From table 4.2, it is seen that the activation energy in the 
o 
temperature range of 40-240 C decrease as the concentration of dopant increases but 
for 0.4 mol percent of dopant it is showing opposite behavior, same as in the range 
500-600 C the activation energy decrease with increase in dopant concentration but 
show a little deviation for 0.5 mol percent of dopant as shown in figure 4.6(a) and (b). 
This is mainly due to the creation of new oxide vacancies with respect to the parent 
Ti02. However, the highest Eai noticed for 0.4 mole BaO is due to the beginning of 
the formation of BaTiOs phase, this can also be reflected in the highest value of Ea2 at 
0.5 mole of BaO. 
4.3.5 AC Impedance analysis 
AC impedance spectroscopy has become a powerful tool for investigafion of 
the ionic conductivity of solid electrolytes. A Nyquist diagram or Cole-Cole plot can 
be represented in terms of any of the four possible complex formalisms, namely the 
impedance (Z*), the admittance (Y*), the permittivity (s*) and the electric modulus 
(M*) which are correlated to each other and to the dielectric loss or dissipation factor 
(tan 8) as follows: 
I I II II 
— =-;; = — = —,' = tmS (4.1) 
Z Y s M 
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Table 4.2: Activation energies for various mole ratios at different temperature 
ranges 
BaO mole ratio 
O.I 
0.2 
0.3 
0.4 
0.5 
0.6 
Ea 
Activation 
1 (40-240 C) 
0.18 
0.17 
0.15 
0.18 
0.14 
0.10 
energy (eV) 
Ea2 (500-600 C) 
0.23 
0.11 
0.10 
0.06 
0.34 
0.11 
124 
0.18-
0.16 
^ 0.14^ 
0.12-
0.10 
-» 1 — • 1 ' I 
0.2 0.3 0.4 0.5 
moles of BaO 
moles of BaO 
Figure 4.6: Activation energy (eV) versus molar ratio of BaO 
(a) low temperature (b) high temperature 
125 
The complex impedance is defined by: 
Z*{(d)-Z^ ^ jT; 7=V-1 (4.2) 
where Z' and Z" are the real and imaginary parts of the complex impedance. 
The impedance plots (Cole-Cole) obtained for Ti02 doped with BaO are shown 
in figure 4.5. It has been found that the idealized impedance plane plots of such 
materials below 200 C, consist of one capacitive semicircle attributable to the grain 
oxygen ionic conductivity as well as a low frequency inclined spike due to the ionic 
polarization and the electrochemical reactions occurring at the electrode interface 
which supports the idea that the conductivity is mainly due to the motion of oxygen 
ion vacancies [37, 38]. The grain contribution is strong enough to overcome the grain 
boundary contribution which is confirmed by the existence of only one semi circle at 
lower frequencies. The intercept of the low frequency end of the semicircle with the 
Z'- axis gives the total contribution to the sample conductivity. However at higher 
o 
temperatures around 450 C the inclined spike directly gives the total conductivity. 
Table 4.3 lists the deduced values of equivalent circuit parameters for two 
compositions of TiOa- BaO system. 
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Table 4.3: Values of equivalent circuit parameters obtained from the impedance 
spectra for various compositions of TiO^BaO system 
Cone. ofBaO 
0.1 
0.3 
0.5 
0.6 
Rg(ka) 
1475.82 
3382 
830.37 
569.64 
Cg(F) 
1.83x10'^  
2.36x10-'^  
3.83x10"^  
5.59x10"^  
Tg(s) 
2.11x10-^  
3.03x10-^  
3.18x10"^  
3.18x10'^  
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4.4. Conclusions 
The electrical conductivity of pure TiOi as well as, TiOa added with BaO, 
0 
increases with increase in the temperature up to 240 C due to the creation of oxide ion 
vacancies and the migration of these vacancies and then decreases. The second rise in 
o 
conductivity in pure TiOa at 500 C is due to its phase transition from anatase to rutile. 
Addition of BaO to TiOi increases the phase transition temperature. The higher the 
dopant concentration the higher is the transition temperature. This effect is confirmed 
by DSC results also. The existence of a semi circle due to the grain contribution to the 
oxygen ionic conductivity and a low frequency spike supports the fact that 
conductivity is mainly due to the movement of oxygen vacancies. 
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5.1 Introduction 
Metal oxides with wide or moderate band gap, such as Ti02, Ce02, Zr02 and 
Hf02, have been widely used for various applications like semiconductor materials in 
dye-sensitized solar cell, catalysts, fuel cells, resistors, gas sensors, transparent optical 
device, and optical coatings [1-4]. Their functional properties are influenced by many 
factors such as crystallinity, particle size, surface area, and preparation [5], 
Ti02 in nature occurs in three crystalline modifications, rutile [6], anatase [7], 
and brookite [8]. Rutile is the most stable phase among all. The density of brookite is 
larger than that of rutile [9]. It is well known that, Ti02 appears as high-pressure 
phases that are isostructural with columbite (orthorhombic aPb02) and baddeleyite 
(monoclinic Zr02) [10-12]. 
Ce02 is an example of a fluorite structured ceramic having mixed electronic -
ionic conduction, whose conductivity depends on the impurities and oxygen activity 
in the ambient atmosphere [13]. The electronic conductivity of Ce02 can be explained 
by small polaron hopping between the 3+ and 4+ valence states of cerium, while the 
ionic conductivity is attributed to oxygen vacancies resulting from acceptor doping 
[14]. The ionic conductivity of ceria based electrolytes, doped with various dopants ( 
e.g. Ca^\ Sr^ "^ , Y^ "^ , La^ ,^ Gdr'^ and Sm^^ ) at different dopant concentrations, has been 
extensively investigated [15,16]. 
Titania (Ti02) and ceria (Ce02) have been extensively studied for various 
applications [17-19]. Ti02 is well-known for its photocatalytic [20] and catalytic 
behaviour [21]. Ce02 is known as an excellent support for base metals and noble 
metals in a variety of catalytic processes because of its high oxygen storage capacity, 
redox properties, and metal-support interactions [22-24]. In addition to the excellent 
catalytic properties, Ce02-based materials have also been developed in recent years 
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for the removal of SO^ c from flue gas, and H2S from natural gas and coal-derived gas 
[25]. Ce02 has been evaluated as a high temperature regenerable desulphurization 
sorbent, which yields elemental sulphur upon regeneration. In addition to pure Ti02 
and Ce02, modified Ti02-based and Ce02-based mixed oxides have attracted much 
interest for catalytic applications because of their improved properties. Several studies 
on Ti02-Ce02 mixed oxides have shown improvements regarding redox [26, 27], 
textural and structural properties [28]. These improvements have been achieved due to 
the thermal stability or modification of the structure and electronic property by doping 
[29]. 
In this chapter, we discuss the structural characterization and the electrical 
conductivity behaviour of Ti02 - Ce02 system. FT-IR, X-ray diffraction, DSC, and 
AC impedance measurements were done for confirming the doping effects and phase 
relationships. 
5.2. Experimental procedure 
Ti02 (Aldrich, purity 99.99%) and Ce02 (Acros organic, purity 99%) were 
used to prepare samples of various molar compositions by conventional solid-state 
reaction. Samples of various molar compositions of Ti02 : Ce02 (0.9:0.1, 0.8:0.2, 
0.7:0.3, 0.6:0.4, 0.5:0.5 and 0.4:0.6) were mixed in an agate mortar and then sintered 
in air in a Muffle Furnace at a temperature of 950°C±1 for 25 hours. From the sintered 
samples, pellets having diameter 2.4 cm and thickness 0.1 cm were prepared with the 
help of a Hydraulic Press (Spectralab Model SL-89) by applying a pressure of 
490MPa. 
FT-IR spectra were recorded in transmittance mode on Perkin Elmer 
Spectrophotometer. The samples were diluted (1% by weight) in dry KBr and scanned 
over range 3500-500cm"'. 
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The X-ray powder diffraction studies were recorded at room temperature by 
using Ni filtered CuKa radiations with monochromatic beam by using MXP21AHF 
(Mac Science). 
Thermal analysis was performed in air by using Schimadzu 60 Differential 
Scanning Calorimeter up to 600 C. For analysis, 10-15 mg of sample was required 
o 
and the rate of heatmg was maintamed at 10 C/mm. 
Impedance measurements were carried out at room temperature as well as 
high temperature in the frequency range from 42Hz to 5MHz using HIOKI 3532 50 
LCR Hitester Impedance analyzer. The a.c. conductivity measurements were carried 
out using GENRAD 1659 Digibridge in the temperature range of 40 C to 600 C at 
four different frequencies of 10 kHz, 1 kHz, 120 Hz and 100 Hz. The rate of heating 
was maintained at 1 C/ min. For both the measurements, platinum electrodes were 
used as conducting medium. 
5.3 Results and discussions 
5.3.1 FT-IR spectral studies 
The FT-IR spectra of pure TiOi, CeOi and their various compositions are 
shown in figure 5.1. It is clearly seen from the figure that for pure Ti02 there exist 
two bands denoted as Vi and V2 at 669 and 530.16 cm'' which can be assigned to 
Ti—0 stretching vibration modes. But in the doped samples along with these two 
bands a new band V3 is also observed, as the composition reaches 0.5 moles of ceria as 
shown in table 5.1. It is observed that pure ceria is having three characteristic bands at 
448.66,499.73 and 729.31 cm"' represented as vi, viand V3 respectively assigned to 
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Figure 5.1: FT-IR spectra of Ti02 - Ce02 system 
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Table 5.1: FT-IR frequencies for various mole ratios ofCe02 
Moles of Ce02 
0 
0.1 
0.3 
0.5 
Pure Ce02 
vi(cm"^) 
520.12 
505.21 
530.20 
539.85 
448.66 
V2(cni'') 
669.18 
648.32 
659.53 
694.16 
499.73 
V3(cm"') 
— 
— 
— 
720.32 
729.31 
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Ce-0 symmetric stretch [30]. In the doped samples it is seen that as the concentration 
of ceria increases, the bands shift towards higher frequencies. This can be attributed to 
be due to the substitution of cerium for titanium. 
5.3.2 XRD results 
Figure 5.2 shows the X-ray diffractograms of pure TiOa, CeOa and their 
various compositions. As for pure Ti02 the anatase peaks are clearly seen whereas, 
several additional peaks also appear in the different compositions. The diffractograms 
of the doped samples show the existence of anatase Ti02 as well as some peaks of 
cubic ceria. Ce02 crystallize in an Fm3m space group. It has been found that pure 
ceria shows the standard pattern as reported previously corresponding to its cubic 
structure [31, 32]. It is seen from the figure that for 0.1 mole of ceria only anatase 
peaks are seen i.e. no cubic ceria was detected. For 0.2 moles of ceria, the cubic peaks 
of Ce02 start appearing. As the concentration of ceria reaches 0.3 moles, both cubic 
and anatase peaks are seen. From 0.5 moles of ceria the anatase peaks starts 
diminishing and the intensity of cubic peaks started increasing. Further addition of 
ceria increases the cubic fluorite structure of ceria and decreases the anatase structure 
oftitania. 
5.3.3 DSC results 
The DSC curves for Ti02, Ce02 and their compositions are shown in figure 
o 
5.3. It is seen from the figure that pure Ti02 shows an endothermic peak at 470 C due 
to its phase transition from anatase to rutile [33]. It is seen that as the concentration of 
ceria increases, the transition temperature shifts towards higher side, and reaches the 
o 
maximum value of 500 C for 0.6 moles of ceria. A sharp endothermic peak in pure 
o 
ceria at 510 C reveals its phase transition from cubic to orthorhombic PbCl2 type [34]. 
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5.3.4 Conductivity measurements 
The temperature dependence of ionic conductivity is expressed by the 
Arrhenius equation as: 
a = a Qxv)—^ (5.1) 
° kT 
where T stands for temperature, k stands for the Bohzman constant and OQ for the pre 
exponential factor. The conductivity data were fitted to the above equation to obtain 
the activation energy of conduction. 
Figure 5.4 shows the Arrhenius plot of conductivity for different compositions 
of titanium and cerium at 10 kHz. It has been found that the conductivity of pure TiOi 
goes on increasing with increase in temperature and attains a maximum value at 
o o 
240 C and again decreases. A second rise in conductivity is seen at around 480 C due 
to the phase transition of titania from anatase to rutile type [33]. However, for the 
various compositions prepared, though the conductivity increases with increase in 
temperature and concentration, two regions of conductivity are observed in all the 
samples. All the compositions show a slight jump in conductivity in the temperature 
0 
range 440-480 C, which is due to the phase transition of titania from anatase to rutile 
type. These results are in good agreement with those already revealed by DSC 
measurements. Conductivity variation with temperature for all the samples was also 
studied at 1 kHz, 120 Hz and 100 Hz and it was found that the change in frequency 
does not induce any change in conductivity behaviour. 
Figure 5.5 shows the rise in isothermal conductivity as the level of substitution 
increases. It is observed that the conductivity gradually increases with increase in the 
concentration of Ce02. 
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The activation energies in the temperature range 40-400 C and 420-600 C were 
calculated using linear regression method and tabulated in table 5.2. A commonly 
accepted method to study the non - linear Arrhenius behavior is to fit the data by two 
straight lines in the lower and higher temperature ranges. From the slopes of the linear 
parts, the activation energies Eai and Ea2 are calculated. From figure 5.6 (a) and (b), it 
is seen that the activation energy in the lower temperature range increases as the 
concentraUon of ceria increases, while in the high temperature range such behaviour 
is not seen, here the activation energy increases and then goes on decreasing. 
5.3.5 AC Impedance analysis 
AC impedance spectroscopy has become a powerful tool for investigation of 
the ionic conductivity of the solid electrolytes. Undoped cerium oxide is widely 
known as a mixed conductor. Electronic transport is mainly maintained by electrons 
via small polaron mechanism, while ionic transport by oxygen vacancies created by 
impurities [37]. The impedance plane (Cole-Cole) obtained for fitanium-cerium 
system are shown in figure 5.7. It has been found that the idealized impedance plots 
for such type of systems consists of two capacitive semicircles attributed to the grain 
and the grain boundary contributions which supports the idea that the conductivity is 
mainly due to the movement of oxygen ion vacancies [38, 39]. The impedance 
diagrams of sintered pellets exhibit two well-resolved semicircles in the frequency 
range of measurements. The high-frequency semicircle is due to capacitive and 
resistive effects of the bulk of pellets, whereas the low-frequency semicircle is usually 
attributed to the blocking of charge carriers at interfaces [40]. 
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Table 5.2: Activation energies for various mole ratios at different temperature 
ranges 
Moles of Ce02 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
40 
Activation 
- 400 C (Ea,) 
0.18 
0.18 
0.21 
0.23 
0.25 
0.25 
energy (eV) 
420- 600 C (Ea2) 
0.37 
0.37 
0.40 
0.28 
0.26 
0.26 
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moles of ceria 
0.42 
0.3 0.4 
moles of ceria 
Figure 5.6: Activation energy Ea versus mole ratio of ceria 
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It is known that the complex impedance (Z (co)) is defined as the sum of its real (Z ) 
and imaginary (Z) part: 
Z*(a)) = Z + iZ" (5.2) 
Z and Z are given as follows: 
(5.3) Z'= 
^ l l _ 
g 
g g g 
R^^; C 
g g g 
+ 
+ 
gb 
1+co^  C^ R^ 
gb gb gb 
gb gb gb 
I + GJCIRI ' \ + O)\C\R\ g g g gb gb gb 
where the resistance of grain (Rg) and grain boundary (Rgb) can directly be obtained 
from the intercept of the Z axis [41]. The angular frequency of grain (cDg) and grain 
boundary (cogb) are obtained at the maxima of the semi circles. As Z = Z at maximum 
point in the semicircle, the capacitances Cg and Cgb can therefore be calculated as: 
C , - ^ (5.5) 
C., = - ^ (5.6) 
R„.co 
The relaxation times Xg and Xgb, are obtained from the angular frequencies at the 
maxima using the relations: 
h=~- C^R^ (5.7) 
Table 5.3 lists the deduced values of equivalent circuit parameters for different 
compositions of titanium-cerium. It is clearly evident that the contribution of the grain 
boundaries to the ionic conductivity of the samples is less pronounced than that of the 
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Table 5.3: Values of equivalent circuit parameters estimated from the impedance 
spectra for different compositions of titanium-cerim 
Ce02conc. Rg(kfi) Rgb(kfi) Cg(F) Cgb(F) Tg(s) 
T 0.1 
0.3 
0.5 
6306.6 
11626.6 
157.5 
3046.7 6.31x10" 
7640 
112.8 
2.73x10 •10 
1.78x10-' 3.98x10 
4.16x10"' 4.18x10 -7 
1.55x10-^  4.70x10"^ 2.44x10"' 5.30x10"' 
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grains. This refers to the fact that the values of Rg are much higher than that of Rgb at 
constant temperature. As could be expected, Cgb is found to be 10^  times higher than 
that of Cg. This, however, suggests the increase in the permittivity associated with 
charge accumulation at the grain boundaries. Therefore, the total permittivity of the 
samples is mainly attributed to the contribution from grain boundaries. As seen from 
the table the maximum value of capacitance is found for the O.Smoles of CeOa, which 
indicate more considerable polarizability of the solid solution at this limit of addition. 
This is also clearly reflected by the lowest values of corresponding relaxation times Xg 
and Tgb. 
It was also assumed that Xg indicates the mean time between two consecutive 
jumps of an oxide ion vacancy [42]. The diffusion coefficient D of oxide ion 
vacancies is related to Xo as follows: 
where d^  is the mean square jump distance between two adjacent anionic sites in the 
crystal lattice, y is the correlation factor and a is the geometric factor. For two 
dimensional diffusion, a=4. Thus, the remarkable decrease in the relaxation time (x) 
with increasing the concentration of the dopant indicates the short range diffusibility 
of oxide ion vacancies within the grains. 
5.4 Conclusions 
The electrical conductivity of pure Ti02 as well as, Ti02 doped with Ce02, has 
been measured for various ratios at different temperatures. It has been found that 
conductivity increases with increase in the concentration of ceria as well as 
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temperature. A jump in the conductivity is seen from 440-480 C in all the 
compositions due to the phase transition of titania from anatase to rutile type. DSC 
curves also confirm the phase transitions in both titania and ceria. PXRD results 
reveals that the samples containing 0.1 moles of ceria shows only anatase peaks while 
as the concentration of ceria increases the cubic-fluorite peaks of ceria also starts 
appearing. The existence of two semi circles due to the grain and grain boundary 
contribution to the oxygen ionic conductivity supports the fact that conductivity is 
mainly due to the movement of oxygen vacancies. 
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6.1. Introduction: 
Earlier SOFC system has been based mainly on Yttria - Stabilized - Zirconia 
ceramics because of their nearly pure oxide ion conductivity in both oxidizing and 
reducing atmosphere as well as good mechanical properties [1]. Zr02 based 
o 
electrolytes however require high operating temperatures over 900 C in order to 
maintain high oxygen ion conductivity. Recently intensive research is being 
conducted aiming to reduce the operating temperature of SOFC to 700 C. Ceria based 
solid electrolytes have been regarded as being the most promising electrolyte for 
intermediate temperature SOFC (IT-SOFC), since their ionic conductivities are higher 
than that of YSZ in the intermediate temperature range [2] and lower cost as 
compared to that of lanthanum gallate based phases [3 - 5]. Other promising 
applications of ceria based materials include the SOFC's anode materials, solid 
electrolyte oxygen pumps and mixed conducting membranes for oxygen separation 
and partial oxidation of hydrocarbons. The ceria based materials are widely used as 
automotive catalysts [6]. 
Ce02 is a fluorite structured ceramic, having mixed ionic electronic conduction 
[7] whose conductivity depends on the impurities and oxygen activity in the ambient 
atmospheres. The electronic conductivity of Ce02 can be explained by small polaron 
hopping between the 3+ and 4+ valence states of cerium, while the ionic conductivity 
is attributed to oxygen vacancies created from doping [8, 9] The ionic conductivity of 
ceria based electrolyles doped with various dopants (e.g. Ca^^ Sr^^ Y^^ La^^ Gd^ ^ 
and Sm ) at different dopant concentration was studied [10 - 15]. Of all these 
dopants, GdaOa-doped and SmiOs-doped ceria were found to have the highest 
conductivity [16, 17]. 
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The ceria based single-phase electrolyte have been studied extensively for 
decades in IT-SOFC"s [18 - 23]. Single-phase ceria based electrolytes like 
Gadolinium doped ceria, Samarium doped ceria are considered as promising 
candidates for developing SOFC at intermediate temperatures (below 800 C). 
The single-phase ion doped ceria exhibits a certain electronic conduction (n -type 
semi conduction) in the reduced fuel environment. For example in a fuel cell device, 
electronic conduction occurs because of the reduction of Ce02 to Ce203 in the 
presence of hydrogen in SOFC [23 - 25]. 
Ce02 crystallizes in the cubic fluorite structure (CaF2) with each cerium atom 
surrounded by eight oxygen atoms. The oxygen atoms are further surrounded by a 
tetrahedron of four equivalent cerium atoms [26]. Cubic fluorite type Ce02 has been 
shown to transform to the orthorhombic aPbCl2 type structure [27] which has been 
confirmed by our studies. 
Alumina (AI2O3) is a good engineering ceramic material, which has excellent 
thermal, chemical and mechanical properties. The most commonly occurring form is 
a alumina (corundum), a phase alumina is the strongest and stiffest of all the oxide 
ceramics. Its hardness, dielectric properties, refractoriness and good thermal 
properties make it the material of choice for a wide range of applications. It is widely 
used in the fabrication of superconducting devices. More recently, alumina has been 
studied as the main component of catalytic support material by the addition of Zr02, 
Ti02, Ce02 etc., as doping source. Alumina supported ceria forms part of the so called 
classical three way catalysts, used for the elimination of pollutants in automobile 
exhausts. 
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In this chapter, we are discussing the effect on the electrical conductivity of 
Ce02 doped with AI2O3. X-ray diffraction, DSC, impedance measurements and FT-IR 
spectral studies were done for confirming the doping effects and phase relationships. 
6.2 Experimental procedure 
The samples were prepared by conventional solid-state reaction, Ce02 (Acros 
organic, purity 99.99%) and AI2O3 (Acros organic, purity 99%) were taken. Samples 
of various molar compositions of Ce02 : AI2O3 (0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4, 
0.5:0.5 and 0.4:0.6) were mixed in an agate mortar and then sintered in air in a Muffle 
Furnace at a temperature of 950°C±1 for 25 hours. From the sintered samples, pellets 
having diameter 2.4 cm and thickness 0.1 cm were made with the help of a Hydraulic 
Press (Spectralab Model SL-89) by applying a pressure of 490 MPa. The pellets were 
then again sintered at 950°C±1 to ensure the :-tability. 
FT- IR spectra were recorded in transmittance mode on Perkin Elmer 
Spectrophotometer. The samples were diluted (1% by weight) in dry KBr and scanned 
over range 3500-500cm''. 
The X-ray studies were recorded at room temperature by using Ni filtered Cu 
Ka radiations with monochromatic beam by using MXP21AHF (Mac Science). 
Thermal analysis was performed in air by using Schimadzu 60 Differential 
D 
Scanning Calorimeter up to 600 C. For analysis 10-15 mg of sample was required. 
Impedance measurements were carried out at room temperature in the 
frequency range from 42Hz to 5MHz using HIOKI 3532 50 LCR Hitester Impedance 
analyzer. The a.c. conductivity measurements were carried out using GENRAD 1659 
0 u 
Digibridge in the temperature range of 40 C to 600 C at four different frequencies of 
10 kHz, 1 kHZ, 120 Hz and 100 Hz. The rate of heating was maintained at 1 C/ min. 
For both the measurements platinum electrodes were used as conducting medium. 
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6.3. Results and Discussion 
6.3.1 FT-IR spectral studies 
The FT-IR absorption spectra of pure Ce02 and its doped compositions with 
A1203 are shown in figure 6.1. It has been shown that for pure ceria there exist three 
bands at 729, 499.73 and 448.88cm"' assigned to Ce—0 symmetric stretch [28]. In 
all the doped samples in addition to these bands a broad band is clearly seen in the 
region 1099 to 1030cm"', due to the vibration mode of Al—0. It is seen that as the 
concentration of the dopant AI2O3 increases there is a remarkable shift in this band to 
lower frequencies as shown in table 6.1. This can be attributed to the substitution of 
Al for Ce. Apart from this, in all the doped samples shoulder bands exist in the range 
669 to 441.26cm' , the intensity of which goes on decreasing as the concentration of 
the dopant increases, as for the maximum amount of dopant the disappearance of the 
shoulder bands is clearly seen. The relative intensity of these shoulder bands is 
highest for O.Imol of the dopant which supports the idea that the solid solution starts 
forming at this limit of doping. 
6.3.2 X-Ray Diffraction analysis 
Figure 6.2 show the X-ray diffractograms of pure ceria, alumina and their doped 
compositions. CeOa and doped Ce02 crystallize in an Fm3m space group. It has been 
found that pure ceria shows the standard pattern as reported previously corresponding 
to its cubic structure [29-32]. The peak (111) seen in pure ceria as well as in the doped 
samples up to 0.5 mol percent of alumina, is the most intense peak for the fluorite 
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Figure 6.1: FT-IR spectra ofCe02-Al20i system 
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Table 6.1: FT- IR frequencies for various mole ratios of Ah O3 
AI2O3 mol ratio 
0 
0.1 
0.3 
0.5 
0.6 
vi (cm') 
448.88 
530.05 
509.99 
448.88 
441.26 
V2 (cm"') 
499.73 
669.05 
550.11 
480.14 
— 
V3 (cm') 
729.31 
1098.66 
1079.54 
1060.41 
1030.09 
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structure. The diffraction patterns of doped ceria powders up to 0.5 mol percent of the 
dopant are similar to that of pure material, without any diffraction peak that could be 
assigned to isolated alumina. It is thought that there is a decrease in the unit cell 
volume in terms of the cubic fluorite structure which can be predicted by the fact that 
the substitution of higher valent Ce''"^  (0.97 A) for the Ap"^  (0.53A) is taking place. 
The diffractograms of the doped samples show the existence of cubic CeOa as the 
diffraction peaks (HI), (200), (220), (311), (222), (400), (331) and (420) are clearly 
seen in the doped samples up to 0.5 mol of the dopant AI2O3. 
6.3.3 Differential Scanning Calorimetry 
Figure 6.3 shows the DSC curves of pure Ce02, AI2O3 and their doped 
compositions. It is seen from the figure that for pure CeOi there exists a sharp 
o 
endothermic peak at 530 C owing to its phase transition from cubic to orthorhombic 
PbCb type [27]. It is seen that as the concentration of the dopant AI2O3, increases, the 
transition temperature shifts towards lower side, as for 0.1 mol of the dopant the 
o o 
transition temperature is 535 C which goes on decreasing upto 466 C as the 
concentration of the dopant reaches 0.6mol. 
For pure AI2O3, a sharp endothermic peak at 256 C is seen attributing to its 
phase transition from y to a type. For 0.5 and 0.6 mol percent of alumina the 
endothermic peaks at 259 and 271 C respectively are clearly seen. 
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6.3.5 Temperature dependence of the ionic conductivity 
The substitution of trivalent Al'^ ^ ions for Ce'*^  ions in Ce02 generates oxide 
ion vacancies in tlie oxygen lattice. Trivalent metal ion doping in Ce02 can be given 
in the Kroger - Vink notation as [33]: 
M^O^{CeO^)-^2M'ce +V-o +30'o (6.i) 
where M ce, O o^, V o represent trivalent metal ions occupying Ce "^  site, oxygen ions 
at the regular lattice site, and oxide ion vacancies respectively. The ionic conductivity 
can be expressed as an exponential function of the activation energy for oxygen 
vacancy diffusion (Ea), 
(J = (J QXP ^ r6.2) 
' kT 
where T stands for temperature, k stands for the Boltzman constant and Oo for the pre 
exponential factor. The conductivity data were fitted to the above equation to obtain 
the activation energy of conduction. 
Materials with lower activation energy will facilitate ionic conductivity at 
lower temperatures, and here rare earth doped ceria is one of the main candidates [34, 
35]. For pure ceria, whose ionic conductivity is not particularly high because of low 
concentration of oxygen vacancies, activation energy is equal to the sum of vacancy 
formation energy and the migration barrier. Ceria doped with lower valent cations 
contains intrinsic oxygen vacancies, which improves the conductivity [36]. 
Figure 6.4 shows the Arrhenius plot of conductivity of pure ceria and ceria 
doped with alumina. It has been found that the conductivity for all the doped samples 
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conductivity increase with increase in temperature as well as the dopant 
concentration. As it is seen from the figure, two regions are observed in the samples 
containing alumina up to 0.6moles. In all the doped samples a shift in the conductivity 
o 
is seen in the temperature range 470 - 540 C which is attributed to the phase transition 
of CeOi from cubic to orthorhombic type. These results are in good agreement with 
those already revealed by DSC measurements. 
It is seen from the figure that for 0.5 and 0.6 mole percent of alumina a slight 
shift in the conductivity is also seen around 250 C, due to the phase transition of 
alumina from y to a type while this change is not seen up to 0.4 mol percent of 
alumina. This behavior is also justified by the DSC curves where the endothermic 
peak at 256 C is seen only for 0.5 and 0.6 mole percent of the dopant. Figure 6.5 
shov/s the rise in isothermal conductivity as the concentration of the dopant increases 
and it is seen that the conductivity gradually increases with increase in the 
o 
concentration of alumina. The activafion energies in the temperature range 40-320 C 
o 
and 400-600 C were calculated using linear regression method and tabulated in table 
6,2. It is seen that these values follow opposite trend of ionic conductivity with 
composifion, i.e. the conductivity increases while the activation energy decreases with 
composition, but a slight deviation in the low temperature range is seen for 0.4 mol 
percent of alumina as shown in figure 6.6 (a) and (b). 
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Table 6.2: Activation energies for various mole ratios at different temperature 
ranges 
Cone. ofAhOa Eai(eV) Ea2(eV) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
1-320 C) 
0.21 
0.22 
0.18 
0.20 
0.19 
0.16 
(400-600 C) 
0.15 
0.12 
0.06 
0.02 
0.01 
0.01 
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6.3,4 AC Impedance Spectroscopy 
AC impedance spectroscopy has become a powerful tool for investigation of 
the ionic conductivity of the solid electrolytes. Undoped cerium oxide is widely 
known as a mixed conductor. Electronic transport is mainly maintained by electrons 
via small polaron mechanism, while ionic by oxygen vacancies created by impurities 
[37]. The impedance plane (Cole-Cole) obtained for cerium - aluminium system are 
shown in figure 6.7. It has been found that the idealized impedance plots for such type 
of systems consists of two capacitive semicircles attributed to the grain and the grain 
boundary contributions which supports the idea that the conductivity is mainly due to 
the movement of oxygen ion vacancies [38, 39]. The impedance diagrams of sintered 
pellets exhibit two well-resolved semicircles in the frequency range of measurements. 
The high-frequency semicircle is due to capacitive and resistive effects of the bulk of 
pellets, whereas the low-frequency semicircle is usually attributed to the blocking of 
charge carriers at interfaces [29]. 
It is known that the complex impedance (Z (co)) is defined as the sum of its 
real (Z ) and imaginary (Z) part: 
Z*(co)-Z' + Z" (6.3) 
Z and Z are given as follows: 
2Jzz: £- -j- gb (6.4) 
g g g gb gb gb 
R^co C R 2 6; X u 
Z"= g g g ^ gb gb gb 
g g g gb gb gb 
(6.5) 
where the resistance of grain (Rg) and grain boundary (Rgb) can directly be obtained 
from the intercept of the Z axis [40]. The angular frequency of grain (oog) and grain 
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boundary (cogb) are obtained at the maxima of the semi circles. lK'&2. = T. at maximum 
point in the semicircle, the capacitances Cg and Cgb can therefore be calculated as: 
^ (6.6) •^« 
c«* 
^ « ^ . 
1 
^ g * « . * 
(6.7) 
The relaxation times ig and igb, are obtained from the angular frequencies at the 
maxima using the relations: 
(6.8) 
(6.9) 
Table 6.3 lists the deduced values of equivalent circuit parameters for ceria-alumina 
for different compositions. It is noticed that the values of Rg and Rgb are near about 
equal for all the compositions, reflecting the fact that the contribution of grain and 
grain boundary is equal. 
^, 
«^* 
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Table 6.2: Values of equivalent circuit parameters estimated from the impedance 
spectra for different compositions of ceria-alumina 
AhOjconc. Rg(kn) Rgb(kn) Cg(F) Cgb(F) Tg(s) Tgb(s) 
0.1 
0.3 
0.6 
673.67 686.85 1.98x10"^  5.26x10"^  1.32x10'^  3.61x10" 
1512.74 1527.29 1.05x10"^  5.21x10"^  1.59x10"^  7.96x10' 
227.91 261.06 7.76x10"^  7.62x10'^  1.76x10"^  1.99x10" 
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6.4 Conclusions 
The electrical conductivity of pure CeOa as well as, Ce02 doped with AI2O3, 
has been measured for various ratios at different temperatures. It has been found that 
conductivity increases with increase in the concentration of dopant as well as 
temperature. A slight jump in the conductivity is seen for all the doped samples due to 
the phase transition of cerium from cubic to orthorhombic type. A slight shift in 
conductivity is also seen for 0.5 and 0.6 mol of AI2O3, due to its phase transition from 
Y to a type. Doping of CeOa by A1203, lowers the phase transition temperature. The 
higher the dopant concentration the lower is the transition temperature. This effect is 
confirmed by DSC results also. The existence of two semi circles due to the grain and 
grain boundary contribution to the oxygen ionic conductivity supports the fact that 
conductivity is mainly due to the movement of oxygen vacancies. 
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^(ectricaCconductivity and 
phase transition studies 
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7.1. Introduction 
Cerium oxide pure as well as doped has potentially a wide range of 
applications including gas sensors, catalytic supports for automobile exhaust systems, 
and electrolyte materials for solid oxide fuel cells [1-5]. The high ionic conductivity 
coupled with the low activation energy for ionic conduction makes doped ceria an 
attractive electrolyte for solid oxide fuel cells, whose prospects as an environmental 
friendly power source are very promising [6]. 
CeOi is an example of a fluorite structured ceramic having mixed electronic -
ionic conduction, whose conductivity depends on the impurities and oxygen activity 
in the ambient atmosphere [7]. The electronic conductivity of Ce02 can be explained 
by small polaron hopping between the 3+ and 4+ valence states of cerium, while the 
ionic conductivity is attributed to oxygen vacancies resulting from acceptor doping 
[8]. The ionic conductivity of ceria based electrolytes, doped with various dopants ( 
e.g. Ca^ "^ , Sr^ "^ , Y^^ , La^ "^ , Gd"'"^  and Sm'^ "^ ) at different dopant concentrations, has been 
extensively investigated [9-13] . Of these Gd ""or Sm ^ doped ceria ceramics have the 
highest conductivity due to the smallest association enthalpy between the dopant 
cation and the oxygen vacancy in the fluorite lattice [14,15]. 
Cerium oxide crystallizes in the cubic fluorite structure (CaF2) with each 
cerium atom surrounded by eight equivalent neighbouring oxygen atoms. The oxygen 
atoms are further surrounded by a tetrahedron of four equivalent cerium atoms [16]. 
Cubic fluorite type CeOi has been shown to transform to the orthorhombic a- PbCh 
type structure [17]. 
SrO is known to undergo transformation from its Bi (NaCl) to B2 (CsCl) 
structure at 36 GPa [18]. 
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The Ce02 - SrO is an important system for a number of reasons. Apart from 
solid solutions, this system exhibits the presence of a ternary compound SrCeOa, 
which is a high temperature protonic conductor [19]. The SrCeOj was found to 
crystallize as an orthorhombic phase with space group, Pbnm [20]. 
Strontium cerate (SrCeOs) is the parent phase of a widely studied perovskite 
family with important potential applications as electrolytes in protonic ceramic fuel 
cells, hydrogen separation membranes and sensors for hydrogen and humidity [21]. 
Because of its interesting electrical characteristics, which have been pointed out by 
Longo et.al [22], SrCe03 appears to be a suitable material for use as high temperature 
semiconductors [23]. 
In this chapter, we discuss the effect of phase transitions on the electrical 
conductivity of Ce02 doped with SrO. X-ray diffraction, DSC, and AC impedance 
measurements were done for confirming the doping effects and phase relationships. 
7.2. Experimental procedure 
CeOz (Acros organic, purity 99.99%) and SrO (Acres organic, purity 99%) 
were used to prepare samples by conventional solid-state reaction. Samples of various 
molar compositions of CeOi: SrO (0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4, 0.5:0.5 and 
0.4:0.6) were mixed in an agate mortar and then sintered in air in a muffle furnace at a 
temperature of 950°C±1 for 25 hours. From the sintered samples, pellets having 
diameter 2.4 cm and thickness 0.1 cm were made with the help of a hydraulic press 
(Spectralab Model SL-89) by applying a pressure of 490 MPa. The pellets were then 
again sintered at 950°C±lfor 12 hours to ensure the stability. 
The powder X-ray diffraction studies were recorded at room temperature by 
using Ni-filtered CuKa radiations with monochromatic beam by using MXP21AHF 
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(Mac Science). Unit cell parameters were refined using Dong's method on a PowderX 
software program. 
Thermal analysis was performed in air by using Schimadzu 60 Differential 
Scanning Calorimeter from ambient to 950°C. For analysis, 10-15 mg of sample was 
o 
required and the rate of heating was maintained at 10 C/min. 
The a.c. conductivity measurements were carried out using GENRAD 1659 
Digibridge in the temperature range of 40°C to 600°C at four different frequencies of 
10 kHz, 1 kHz, 120 Hz and 100 Hz. The rate of heating was maintained at Tc/ min. 
However, the Impedance measurements were carried out at room temperature in the 
frequency range from 42Hz to 5MHz using HIOKI 3532 50 LCR Hitester Impedance 
analyzer. For both measurements, platinum electrodes were used as conducting 
medium. 
7.3. Results and Discussion 
7.3.1 X-Ray diffraction studies 
Figure 7.1 shows the X-ray diffractograms of pure Ce02, SrO and their 
different compositions. Pure Ce02 shows the standard pattern corresponding to its 
cubic-fluorite structure as reported earlier [24-27]. Ce02 crystallizes in an FmSm 
space group. The peak (111) seen in pure ceria as well as in the doped samples is the 
most intense peak for the cubic fluorite structure. The diffractograms of the doped 
samples show the existence of cubic CeOi as the diffraction peaks (111), (200), (220), 
(311), (222), (400), (331) and (420) are clearly seen in the doped samples. Presence of 
ceria can be noticed till the composition reaches 0.6 moles of SrO. All the diffraction 
peaks for the doped materials correspond to the parent Ce02 fluorite lattice, indicating 
the formation of a face-centered cubic fluorite structure. 
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Figure 7.1: XRDpattern of CeO2-SrOsystem 
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The compound SrCeOa exhibit non-ideal perovskite type crystal structure. SrCeOs has 
been assigned with varying lattice parameters, a cubic cell [28, 29], a tetragonal cell 
[30, 31], an orthorhombic cell [31-34] and a monoclinic cell [35-37]. According to 
Preda and Dinescu [29], SrCeOs undergoes a phase transition from a high temperature 
cubic structure to a low temperature tetragonal structure. 
The diffraction patterns of the compositions 0.1 and 0.3 moles of SrO are 
similar to that of pure ceria, with a few impurity peaks in 0.3 moles of SrO. The 
PXRD patterns of the products beyond 0.3 moles of SrO started showing new peaks 
due to an additional phase which could be identified as SrCeOs. This observation 
indicates that Ce02 lattice is not able to accommodate more than 0.3 moles of SrO. 
Therefore, at and beyond this composition there is a phase separation between Sr 
doped Ce02 and the SrCeOs phase. Therefore, at this nominal composition a biphasic 
product is obtained having both cubic and orthorhombic phase with mean cell 
volumes 160.lA^ and 315.6A'^  respectively. The SrCeOs peaks are clearly seen in 0.5 
and 0.6 moles of SrO. The SrCeOs is found to crystallize as an orthorhombic phase 
with space group, Pbnm. The intensity of the peaks due to the additional phase 
increases with a simultaneous reduction in the intensity of the fluorite type peaks, 
suggesting the re-construction of the perovskite structure on the account of the fluorite 
one. 
It was interesting to note that a slight amount of Ce02 was present even at 0.5 
moles of SrO. The single phasic product was obtained at 0.6 moles of SrO which 
could be indexed as an orthorhombic unit cell with the cell volume of 316.4AI 
The variation of the unit cell volume in the case of aliovalent substitution as a 
function of dopant ion concentration is always accompanied by the introduction of the 
corresponding defects, e.g. anion vacancy in the present case. Table 7.1 shows the 
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Table 7.1: Refined unit cell parameters for various compositions of cerium-
strontium 
Comp. Phase present a (A) b (A) c (A) V (A"*) 
Ce02 Cubic 5.40 157.6 
0.1 SrO Cubic 5.427 159.8 
0.3 SrO Cubic 5.438 160.1 
Orthorhombic 8.584 6.008 6.121 315.6 
0.5 SrO Cubic 5.432 160.3 
Orthorhombic 8.577 6.008 6.139 316.4 
0.6 SrO Orthorhombic 8.572 6.009 6.144 316.4 
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lattice parameters along with the mean cell volume and the type of phase present in 
different compositions. It is seen from the table that the compositions 0.1 and 0.6 
moles of SrO were found to be single phasic with cubic and orthorhombic phases 
respectively while the compositions 0.3 and 0.5 moles of SrO were showing both 
cubic and orthorhombic phases. So these two compositions are considered to be the 
composition stability limit of cubic-orthorhombic transition. 
7.3.2 DSC studies 
The DSC curves for pure ceria and its compositions with SrO are depicted in 
figure 7.2. It is seen from the figure that pure ceria shows an endothermic peak at 
499°C due to its phase transition from cubic to orthorhombic type [17]. On addition of 
SrO to Ce02 the transition temperature shifts towards much higher temperatures and 
reaches the maximum value of 933 C as the concentration reaches 0.6 moles of SrO. 
This is because of the fact that strontium shows an order-disorder phase transition at 
higher temperatures [38]. 
7.3.3 Conductivity measurements 
The effect of metal ion substitution in Ce02 on electrical conductivity has 
been reported by several authors [39, 40]. However the electrical conductivity of 
doped ceria varies significantly with regard to synthesis methods, sintering 
temperatures, dopant metal ions, purity of starting materials, morphology as well as 
particle size [41]. 
The substitution of divalent cations for Ce"*^  ions in CeOi generates oxide ion 
vacancies in the oxygen lattice. Divalent metal ion doping in Ce02 can be given by 
the Kroger-Vink notation as [42]: 
SrO{CeO)^Sr"ce + V-o+0\ (7.i) 
ICO 
? 1^  
In 
400 
Temperature("C) 
1000 
F/^wre 7.2: DSC curves of Ti02 - Ce02 system 
where Sr ce, V' o and O o^ represent divalent metal ions occupying the Ce ^ site, oxide 
ion vacancies and oxygen ions at the regular lattice sites respectively. 
The ionic conductivity can be expressed as an exponential function of the 
activation energy for oxygen vacancy diffusion (Ea), 
a. r-E.^ (7 - — exp 
T v k T y 
(7.2) 
where T stands for temperature, k stands for the Boltzman constant and OQ for the pre 
exponential factor. The conductivity data were fitted to the above equation to obtain 
the activation energy of conduction. 
Figure 7.3 shows the Arrhenius plot of conductivity of pure ceria and cerium 
doped with strontium. It has been found that the conductivity for all samples except 
for the pure ceria increase with increase in temperature as well as the dopant 
concentration. It is clearly seen from the figure that two regions of conductivity are 
seen up to 0.4 moles of SrO. In all these compositions a slight shift in the conductivity 
is seen from about 470 - 540 C which is attributed to the phase transition of Ce02 
from cubic to orthorhombic type [17]. However, for 0.5 and 0.6 moles of SrO the shift 
is not seen and the curve tends to be straightened in this region of temperature due to 
the formation of SrCeOs in which the order disorder transition is strongly manifested. 
As in SrO the phase transition is seen at higher temperatures, which is confirmed by 
the DSC results. 
Figure 7.4 shows the rise in isothermal conductivity as the concentration of the 
dopant increases. The activation energies in the temperature range 40-320 C and 400-
0 
600 C were calculated using linear regression method and tabulated in table 7.2. 
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Figure 7.3: Arrhenius plot of conductivity ofCeOj - SrO system 
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Table 7.2: Activation energies for various mole ratios at different temperature 
ranges 
SrO cone. Activation energy ( eV) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
Eai (40-280 
0.16 
0.16 
0.19 
0.20 
0.21 
0.21 
C) Ea2 (400-600 C) 
0.32 
0.32 
0.23 
0.24 
0.22 
0.22 
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It is seen that in the low temperature range the activation energy follows the same 
pattern as the conductivity. It is observed that with increase in concentration, 
conductivity increases, thereby increasing the activation energy but in the high 
temperature range, this behavior is not seen as shown in figure?.5 (a) and (b). 
7.3.4 AC Impedance analysis 
AC impedance spectroscopy has become a powerful tool for investigation of 
the ionic conductivity of the solid electrolytes. Undoped cerium oxide is widely 
known as a mixed conductor. Electronic transport is mainly maintained by electrons 
via small polaron mechanism, while ionic transport by oxygen vacancies created by 
impurities [44]. 
The impedance plane (Cole-Cole) obtained for cerium - strontium system are 
shown in figure 7.6. It has been found that the idealized impedance plots for such type 
of systems consists of two capacitive semicircles attributed to the grain and the grain 
boundary contributions which supports the idea that the conductivity is mainly due to 
the movement of oxygen ion vacancies [45, 46]. The impedance diagrams of sintered 
pellets exhibit two well-resolved semicircles in the frequency range of measurements. 
The high-frequency semicircle is due to capacitive and resistive effects of the bulk of 
pellets, whereas the low-frequency semicircle is usually attributed to the blocking of 
charge carriers at interfaces [23]. 
It is knov^i that the complex impedance (Z*(co)) is defined as the sum of its 
real (Z ) and imaginary (Z) part: 
Z*(co) = Z' + iZ" (7.1) 
Z and Z are given as follows: 
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2'= g + gb ___ (7.2) 
iWC^R^ i W C^  R^  
g g g gb gb gb 
R^^; C R \ 6 ; . C , 
J^^^ g g g , gb gb gb ^^^^ 
1 + 6 ; | C 2 R 2 1 + 6 ; 2 C \ R \ g g g gb gb gb 
where the resistance of grain (Rg) and grain boundary (Rgb) can directly be obtained 
from the intercept of the Z axis [47]. The angular frequency of grain (cOg) and grain 
boundary (cOgb) are obtained at the maxima of the semi circles. As Z = Z at maximum 
point in the semicircle, the capacitances Cg and Cgb can therefore be calculated as: 
The relaxation times Xg and Xgb, are obtained from the angular frequencies at the 
maxima using the relations: 
r,=j--C^R^ (7.6) 
^sb-~-C^,R^, (7.7) 
^«* 
Table 7.3 lists the deduced values of equivalent circuit parameters for doped system 
at different compositions. It is noticed that the values of Rg and Rgb are near about 
equal for all the compositions, reflecting the fact that the contribution of grain and 
grain boundary is equal. 
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Table 7.3: Values of equivalent circuit parameters estimated from the impedance 
spectra for different compositions of cerium-strontium 
SrOconc. Rg(ka) Rgb(kJ2) Cg(F) Cgb(F) Tg(s) Tgb(s) 
0.1 
0.3 
0.5 
0.6 
611.11 
1416.62 
1146.94 
227.53 
766.04 
1634.14 
1199.54 
260.96 
v» ~ 1.44x10"' 3.46x10" 8.84x10 
1.12x10'' 1.16x10 -7 
-7 
7.77x10"'° 6.77x10"' 
vb 
1.59x10 -5 
1.15x10"" 1.74x10"' 1.32x10 
1.76x10" 
2.65x10"'* 
1.89x10"^  
2.09x10"'* 
1.76x10"'' 
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7.4 Conclusions 
The electrical conductivity of pure CeOi as well as, Ce02 doped with SrO, has 
been measured for various ratios at different temperatures. It has been found that 
conductivity increases with increase in the concentration of dopant as well as 
temperature. A slight jump in the conductivity is seen for up to 0.4 moles of SrO 
doped samples due to the phase transition of cerium from cubic to orthorhombic type. 
For 0.5 and 0.6 moles of SrO the conductivity shift is not seen due to the formation of 
SrCeOs. SrO undergoes phase transitions above 800 C which is confirmed by the 
DSC resuhs. PXRD results reveals that the samples containing 0.1 and 0.6 moles of 
SrO are single phasic having cubic and orthorhombic phases respectively while the 
samples containing 0.3 and 0.5 moles of SrO are biphasic showing both cubic and 
orthorhombic phases. The existence of two semi circles due to the grain and grain 
boundary contribution to the oxygen ionic conductivity supports the fact that 
conductivity is mainly due to the movement of oxygen vacancies. It can be mentioned 
that the ionic conductivity exhibited by this system prompt the Sr-doped Ce02 to be 
good candidate solid electrolyte. 
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CHAPiER-8 
^(ectricaCconductivity and 
phase transition studies 
in (BizOs - V2O5 system 
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8.1. Introduction 
Bismuth oxide and bismuth oxide systems with many other metal oxides are 
especially suitable electrolyte materials for different applications due to their high 
oxygen ion conductivities [1]. 
81263 shows a significant polymorphism as clarified by Harwig and Gerards 
o 
[2] with two stable phases a and 8. a-BiiOs is stable below 730 C and has a 
monoclinic structure, which allows p- type conduction. 8-Bi203 is stable above 730 C 
up to its melting point of 825°C and crystallizes in the fluorite structure [3]. In 
addition to these two, P-Bi203 (tetragonal) and Y-Bi203 (body-centred cubic) 
o 
modifications also exist belov,- 650 C as metastable phase [4]. 
The Bi203-V205 system has attracted much attention in recent years. A number 
of phases have been identified in this binary system, including BiV04 [5, 6], Bi4V20ii 
[7], Bi3.5V,.208.25 [8], Bi23V2044.5 [9] and Bi8V20,7 [10]. 
Bismuth vanadate (BiV04) has recently attracted considerable attention as it 
exhibits interesting technological properties, such as ferroelasticity [11, 12] and ionic 
conductivity [13]. BiV04 can also be used for oxygen separation, acting as a 
photocatalyst under the action of visible light [14]. BiV04 based yellow pigments are 
potential substitutes for lead and cadmium based paints, due to their high performance 
and problem-free eco toxicological behaviour [15]. There are three crystalline phases 
reported for synthetic BiV04, the monoclinic scheelite-type, the tetragonal scheelite-
type and the tetragonal zircon-type [16, 17]. At 255°C, the phase transition between 
monoclinic phase and the tetragonal scheelite-type phase is reversible [18,19]. 
In this chapter, we discuss the electrical conductivity behaviour of Bi203-V205 
system. X-ray diffraction, DSC, Impedance measurements and FT-IR spectral studies 
were done for confirming the doping effects and phase relationships. 
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8,2. Experimental procedure 
Bi203 (Acros organic, purity 99.99%) and V2O5 (Acros organic, purity 99%) 
were used to prepare samples of various compositions by conventional solid-state 
reaction. Samples of various molar compositions of Bi203 : V2O5 (0.9:0.1, 0.8:0.2, 
0.7:0.3, 0.6:0.4, 0.5:0.5 and 0.4:0.6) were mixed in an agate mortar and then sintered 
in air in a Muffle Furnace at a temperature of 700°C±1 for 25 hours. From the sintered 
samples, pellets having diameter 2.4 cm and thickness 0.1 cm were prepared with the 
help of a Hydraulic Press (Spectralab Model SL-89) by applying a pressure of 
490MPa. 
FT-IR spectra were recorded in transmittance mode on Perkin Elmer 
Spectrophotometer. The samples were diluted (l%o by weight) in dry KBr and scanned 
over range 3500-500cm"'. 
The powder X-ray diffraction studies of the above prepared samples were 
recorded at room temperature by using Ni filtered CuKa radiations with 
monochromatic beam by using MXP21AHF (Mac Science). 
Thermal analysis was performed in air by using Schimadzu 60 Differential 
Scanning Calorimeter up to 600 C. For analysis, 10-15 mg of sample was required 
o 
and the rate of heating was maintained as 10 C/min. 
The a.c. conductivity measurements were carried out using GENRAD 1659 
Digibridge in the temperature range of 40 C to 600 C at four different frequencies of 
10 kHz, 1 kHz, 120 Hz and 100 Hz. The rate of heating was maintained at TC/ min. 
However, the Impedance measurements were can i^ed out at room temperature a? well 
as high temperature in the frequency range from 42Hz to 5MHz using HIOKI 3532 50 
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LCR Hitester Impedance analyzer. For both measurements, platinum electrodes were 
used as conducting medium. 
8.3. Results and Discussions 
8.3.1 FT-IR spectral studies 
The FT-IR spectra of pure Bi203, V2O5 and their compositions are shown in 
figure 8.1. It is clearly seen that pure Bi203 shows three characteristic bands at 460, 
830 and 860cm'' corresponding to the Bi—0 stretching vibration mode. 
All the samples are mainly characterized by a strong and broad IR band in the 
range 729-707cm'' due to the vibration mode of VO4 [18], assigned as V] which shifts 
to the higher frequency values as the concentration of V2O5 increases as for 0.1, 0.3 
and 0.5 moles of V2O5 the bands appear at 707, 720 and 729cm'' respectively. Apart 
from V], a few shoulder bands also exist in the range between 890-610cm"' assigned 
as V2, V3, V4 and V5. All these shoulder bands also shift towards higher frequencies as 
the concentration of V2O5 increases. From table 8.1, it is seen that a shift towards 
higher frequencies is observed in all the samples. It is observed that the relative 
intensity of these shoulder bands goes on increasing with increase in the concentration 
of V2O5. The relative intensity of these shoulder bands is found to be highest for 0.5 
moles of V2O5, which supports the idea that the formation of solid solution of BiV04 
begins at this limit of doping. One weak carbonate derived band (ve) is also observed 
in the range 1380-1360cm'', which might be due to the adsorption of atmospheric 
carbon dioxide during the sample preparation [18]. It reveals that all the samples 
exhibit the same monoclinic scheelite structure. This can be related to the 
disappearance of the fine structure on substitution of bismuth by vanadium, which 
reveals the presence of a crystallographic disordering in the solid, and is indicative of 
the occurrence of phase transition in the system. 
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Figure 8.1: FT-IR spectra ofBi20_r VjOs system 
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Table 8.1: FT-IR frequencies for various mole ratios of VjOs 
Moles of V2O5 vi(cm') T)2(cm") 1)3 ( c m ) D4(cm") D5(cni") X6(cm') 
0.1 707.17 669.58 610.28 783.87 870.10 1355.41 
0.3 718.90 671.78 619.07 798.66 879.81 1368.67 
0.5 729.31 686.11 630.42 819.72 890.15 1379.45 
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8.3.2 X-ray diffraction studies 
Figure 8.2 shows the X-ray diffractograms of pure BiiOs, V2O5 and two of 
their compositions. The diffractogram of pure Bi203 shows the characteristic peaks 
designated as (102), (121), (201), (220), (222), (411), (421), (402) and (440). It is 
clear that the diffraction peaks for 0.5 and 0.6 moles of V2O5 are in good agreement 
with the JCPDS Card No. 14-0688 which is assigned to monoclinic BiV04 with space 
group I12/A1, the structure that exists from room temperature to 260 C. No impurity 
peaks were observed in any of these XRD pattern. 
BiV04 was found to be characterized by the monoclinic structure (lattice 
parameters: a = 5.1935A, b = 5.0898A, c = 11.697A, V = 309.19A^). Apart from the 
characteristic peaks of BiV04 some peaks of pure BiiOs (121) and pure V2O5 (002) 
0 o 
are also seen in the doped compositions at 28 and 40 respectively. 
8.3.3 DSC results 
The DSC results for the above-prepared samples are shown in figure 8.3. It is 
clearly seen from the figure that an endothermic peak exists in the range 250-260 C 
for all the samples, the intensity of which goes on increasing as the concentration of 
V2O5 increases. The maximum intensity of the peak is found for 0.5moles of V2O5, 
suggesting that the formation of solid solution of BiV04 begins at this limit of 
addition, which is in good agreement with the results obtained for FT-IR. 
The endothermic peak at 260 C occurs due to the phase transition of BiV04 
from monoclinic scheelite type to the tetragonal scheelite type structure. It is seen 
from the figure that for pure 61203 no peak is observed in the temperature range 0-
o 0 
600 C; as Bi203 undergoes phase transition from a to 5 at around 700 C [20]. 
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8.3.4 Conductivity measurements 
The ionic conductivity can be expressed as an exponential function of the 
activation energy for oxygen vacancy diffusion (Ea), 
(7 = -^ exp 
T 
— - (8.1) 
where T stands for temperature, k stands for the Boltzman constant and OQ for the pre 
exponential factor. The conductivity data were fitted to the above equation to obtain 
the activation energy of conduction. 
Figure 8.4 shows the Arrhenius plot of conductivity for different compositions 
of bismuth and vanadium. It has been found that the conductivity of pure Bi203 goes 
on increasing with increase in temperature. However, for the various compositions 
prepared, though the conductivity increases with increase in temperature and 
concentration, two regions of conductivity are observed in all the samples. All the 
compositions show a slight jump in conductivity in the temperature range 230-260 C, 
which is due to the phase transition of BiV04 from monoclinic scheelite type to that 
of tetragonal scheelite type structure. These results are in good agreement with those 
already revealed by DSC measurements. 
It is known that the scheelite structure can be closely related to the fluorite 
one [21]. It is generally accepted that the partial oxidation mechanism can involve the 
transport of oxygen vacancies from the interior to the surface of the oxide catalyst 
crystallites, which is indicative of a relatively easy transport of oxygen vacancies in 
these materials [12]. However, the diffusion mechanism of the lattice oxygen ions in 
the metal oxides with scheelite structure seems to be a little more complicated than 
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Figure 8.4: Arrhenius plot of conductivity ofBi20rV205 system 
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that in the metal oxides with the stabilized fluorite structure, such as zirconia, ceria 
etc. Figure 8.5 shows the rise in isothermal conductivity as the level of substitution 
increases. It is observed that the conductivity gradually increases with increase in the 
concentration of V2O5. 
The activation energies, Eai and Eai, in the temperature range of 40-240 C 
and 280-600 C have been calculated and reported in table 8.2. A commonly accepted 
method to study the non - linear Arrhenius behaviour is to fit the data by two straight 
lines in the lower and higher temperature ranges. From the slopes of the linear parts, 
the activation energies Eai and Ea2 are calculated. From figure 8.6, it is found that in 
the higher temperature region (i.e. 280-600 C), the activation energy decreases with 
increase in V2O5 concentration, whereas the conductivity increases with increase in 
the dopant concentration while in the low temperature region such a behaviour is not 
seen. In the low temperature region, the activation energy first decrease with 
increasing the concentration of V2O5 but increases as the concentration reaches 0.4 
moles which is attributed to a significant vacancy ordering in the system resulting 
from the increased oxygen vacancies. However, the drop in activation energy at 0.5 
moles of V2O5 suggests that some of the vacancy ordering energy was employed by 
defect trapping effects [22]. 
It appears that the Arrhenius plot is divided into two regions due to the big 
difference in the activation energies in the lower and higher temperature regions, as in 
the lower temperature range the activationenergy is low i.e. around 0.37eV, while in 
the higher temperature range it reaches a maximum value of 1.16eV. This type of 
phenomenon has been observed in other ionic conductors also [23]. 
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Table 8.2: Activation energies for various mole ratios at different temperature 
ranges 
Moles of V2O5 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
40. 
Activation 
- 240 C (Ea,) 
0.39 
0.38 
0.38 
0.41 
0.37 
0.39 
energy (eV) 
280-
1 
600 C (Eaa) 
1.16 
0.93 
0.81 
0.8 
0.78 
0.74 
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8.3.5 AC Impedance analysis 
AC impedance spectroscopy has become a powerful tool for investigation of 
the ionic conductivity of the solid electrolytes. BiV04 is widely known as a mixed 
conductor. Electronic transport is mainly maintained by electrons via small polaron 
mechanism, while ionic transport by the movement of oxygen vacancies [24]. The 
complex impedance plane plots (Cole-Cole) obtained for three selected compositions 
of bismuth-vanadium system are shown in figure 8.7. It has been found that the 
idealized impedance plots for such type of systems consists of two capacitive 
semicircles, well positioned at higher and lower frequency regions which are 
adequately attributed to the grain and the grain boundary oxygen ionic conductivities 
which supports the idea that the conductivity is mainly due to the movement of 
oxygen ion vacancies [25, 26]. The impedance diagrams of sintered pellets exhibit 
two well-resolved semicircles in the frequency range of measurements. The high-
frequency semicircle is due to capacitive and resistive effects of the bulk of pellets, 
whereas the low-frequency semicircle is usually attributed to the blocking of charge 
carriers at interfaces [27]. In addition, an inclined spike can also be observed in far 
low-frequency region, associated with the impedance of the interface between the 
silver electrode and the oxide ion electrolyte. 
It is known that the complex impedance (Z (co)) is defined as the sum of its 
real (Z ) and imaginary (Z) part: 
Z*(co) = Z' + Z" (8.2) 
Z and Z are given as follows: 
R R ,Q ~. 
2^- & ^ gb (o-i) 
iWC^R^ \W C^  R^  
g g g gb gb gb 
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Figure 8.4: Impedance plots of various compositions ofBi203-V20s system 
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R^o) C R\a) ^C ^ 
2 " ^ g g g ,. gb gb gb 
l + cDJClRJ \ + CO\C\R\ g g g gb gb gb 
where the resistance of grain (Rg) and grain boundary (Rgb) can directly be obtained 
from the intercept of the Z axis [28]. The angular frequency of grain (oOg) and grain 
boundary (tOgb) are obtained at the maxima of the semi circles. As Z = Z at maximum 
point in the semicircle, the capacitances Cg and Cgb can therefore be calculated as: 
C. = v ^ (8.5) 
q , = - ^ (8.6) 
The relaxation times Xg and igb, are obtained from the angular frequencies at the 
maxima using the relations: 
(8.7) 
(8.8) 
Table 8.3 lists the deduced values of equivalent circuit parameters for different 
compositions of bismuth-vanadium. It is clearly evident that the contribution of the 
grain boundaries to the ionic conductivity of the samples is less pronounced than that 
of the grains. This refers to the fact that the values of Rg are much higher than that of 
Rgb at constant temperature. As could be expected, Cgb is found to be 10 times higher 
than that of Cg. This, however, suggests the increase in the permittivity associated 
with charge accumulation at the grain boundaries. Therefore, the total permittivity of 
the samples is mainly attributed to the contribution from grain boundaries. As seen 
from the table the maximum value of capacitance is found for the O.Smoles of V2O5, 
which indicate more considerable polarizability of the solid solution at this limit of 
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Table 7.3: Values of equivalent circuit parameters estimated from the impedance 
spectra for different compositions of bismuth-vanadium 
V205conc. Rg(kr2) Rgh(kn) Q(F) Cgb(F) Tg(s) 
0.1 
0.3 
0.5 
6306.6 
11626.6 
157.5 
3046.7 
7640 
112.8 
6.31x10'" L 7 8 x i r 3.98x10'' 5.3x10 
2.73x10"'" 4.16x10"^ 4.18x10'^ 6.18xl( 
1.55x10""^  4.70x10'^ 2.44x10"' 
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addition. This is also clearly reflected by the lowest values of corresponding 
relaxation times tg and igb. 
It was also assumed that Xg indicates the mean time between two consecutive 
jumps of an oxide ion vacancy [29]. The diffusion coefficient D of oxide ion 
vacancies is related to Tg as follows: 
D = ^^ (8) 
where S is the mean square jump distance between two adjacent anionic sites in the 
crystal lattice, y is the correlation factor and a is the geometric factor. For two 
dimensional diffusion, a=4. Thus, the remarkable decrease in the relaxation time (x) 
with increasing the concentration of the dopant indicates the short range diffusibility 
of oxide ion vacancies within the grains. 
8.4 Conclusions 
The electrical conductivity of pure BiiOs as well as, Bi203:V205 samples have 
been measured for various ratios at different temperatures. It has been found that 
conductivity increases with increase in the concentration of V2O5 as well as 
temperature. A slight jump in the conductivity is seen for all the compositions at 
o 
around 230-260 C due to the phase transition of BiV04 from monoclinic scheelite 
type to that of tetragonal scheelite type structure. This effect is confirmed by DSC 
results also as a sharp endothermic peak at 260 C is observed for 0.5 moles of V2O5. 
The XRD pattern of the compositions shows the monoclinic structure, which exists 
from room temperature to 260 C. The existence of two semi circles due to the grain 
and grain boundary contribution to the oxygen Ionic conductivity supports the fact 
that conductivity is mainly due to the movement of oxygen vacancies. 
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CONCLUSIONS 
Solid electrolytes are generally solids that exhibit high ionic conductivity 
comparable to those of the best liquid electrolytes. Recently, solid electrolytes have 
received much attention due to their potential applications in many practical devices, 
such as oxygen sensors and solid batteries. The more recent application is in fuel 
cells, particularly solid oxide fuel cells (SOFCs), which are the most attractive energy 
conversion devices, due to their high power generation efficiency and very low 
greenhouse gas emission. The traditional electrolyte material used in solid oxide fuel 
cell (SOFC) is yttria-stabilized zirconium (YSZ). However, the high operating 
temperature of this material limits its application. Recently, there are strong, ongoing 
0 
researches for developing intermediate temperature (IT; 400-800 C) solid oxide 
electrolytes. 
In this thesis we have tried to study many metal oxide systems and investigate 
their oxide ion performance in order to examine whether or not these materials are 
suitable for IT-SOFC applications. All the systems have been synthesized by the 
conventional solid-state reaction. The electrical conductivity measurements have been 
done by an a.c. 2-probe GENRAD 1659 Digibridge in the temperature range 40-
o 
600 C. The AC Impedance measurements were carried out in the frequency range of 
42Hz to 5MHz at room temperature. In both the measurements platinum electrodes 
were used for conduction. Material characterization was done by PXRD 
measurements. Phase transitions in all the systems were also confirmed by the DSC 
measurements. FT-IR spectroscopy was also carried out for confirming the effect of 
dopants. 
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The thesis has been divided into eight chapters. Chapter 1 is the general 
introduction of he ionic conductors and their various applications. The subsequent 
chapters (from2-8) deal with different metal oxide systems. 
In chapter 2, Electrical conductivity and phase transition studies in Zr02 -
CdO system, it is seen that the electrical conductivity of pure Zr02 as well as, its 
o 
compositions with CdO, increases with increase in the temperature up to 180 C due to 
the creation of oxide ion vacancies and the migration of these vacancies and then 
decreases due to the collapse of the fiuorite framework. The second rise in 
conductivity in pure ZrOi at 460 C is due to its phase transition from monoclmic to 
tetragonal. Doping of Zr02 by CdO increases the phase transition temperature. The 
higher the dopant concentration the higher is the transition temperature. This effect is 
confirmed by DSC results also. The existence of a semi circle due to the grain 
contribution to the oxygen ionic conductivity and a low frequency spike supports the 
fact that conductivity is mainly due to the movement of oxygen vacancies. 
In the next three chapters (ch. 3, 4 and 5) i.e. Ti02 - CaO, TiO} - BaO, TiO] -
Ce02, it is seen that the electrical conductivity of pure Ti02, as well as, its 
compositions with CaO, BaO and Ce02 increases with increase in the temperature due 
to the migration of oxide ion vacancies. The second rise in conductivity in pure Ti02 
o 
at 500 C is due to its phase transition from anatase to rutile. It is seen that doping of 
Ti02 by CaO lowers the phase transition temperature, while with BaO and Ce02, it is 
seen that the transition temperature increases as the concentration of the guest 
increases. This effect is confirmed by DSC results also. With CaO and BaO the 
existence of a semi circle due to the grain contribution to the oxygen ionic 
conductivity and a low frequency spike supports the fact that conductivity is mainly 
due to the movement of oxygen vacancies. While with Ce02 two semi circles along 
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with an inclined spike are seen. In all the casesTi02 is getting transformed from 
anatase to rutile on increasing the temperature and in the room temperature PXRD 
titania is found to be anatase. 
In chapters 6 and 7 i.e Ce02 - AI2O3 and Ce02 - SrO it is seen that the 
electrical conductivity of pure Ce02, as well as, its compositions with Al203and SrO, 
has been measured for various ratios at different temperatures. It has been found that 
conductivity increases with increase in the concentration of guest as well as 
temperature. A slight jump in the conductivity is seen in all the doped samples due to 
the phase transition of cerium from cubic to orthorhombic type. With AI2O3, a slight 
shift in conductivity is also seen for 0.5 and 0.6 mol of AI2O3, due to its phase 
transition from y to a type. Doping of Ce02 by AI2O3, lowers the phase transition 
temperature. The higher the dopant concentration the lower is the transition 
temperature. This effect is confirmed by DSC results also. SrO is known to undergo 
phase transitions above 800 C which is confirmed by the DSC results. PXRD results 
reveal that the samples containing 0.1 and 0.6 moles of SrO are single phasic having 
cubic and orthorhombic phases respectively while the samples containing 0.3 and 0.5 
moles of SrO are biphasic showing both cubic and orthorhombic phases. The 
existence of two semi circles in both the cases due to the grain and grain boundary 
contribution to the oxygen ionic conductivity supports the fact that conductivity is 
mainly due to the movement of oxygen vacancies. In both the cases it is seen that 
ceria is getting transformed from its cubic-fluorite to the orthorhombic structure. 
In the last chapter i.e. Bi203 - V2O5 the electrical conductivity of pure Bi203 as 
well as, Bi203:V205 samples have been measured for various ratios at different 
temperatures. It has been found that conductivity increases with increase in the 
concentration of V2O5 as well as temperature. A slight jump in the conductivity is 
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seen for all the compositions around 230-260°C due to the phase transition of BiV04 
from monoclinic scheelite type to that of tetragonal scheelite type structure. This 
effect is confirmed by DSC results also, as a sharp endothermic peak at 260 C is 
observed for 0.5 moles of V2O5. The XRD pattern of the compositions shows the 
monoclinic structure, which exists from room temperature to 260 C. The existence of 
two semi circles due to the grain and grain boundary contribution to the oxygen ionic 
conductivity supports the fact that conductivity is mainly due to the movement of 
oxygen vacancies. 
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